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Molecular complexes play a number of key rôles in medicine and biology. 
Understanding how thèse complexes behave at interfaces, as well as controlling their 
structure, is of fundamental interest to science and technology. Lipoproteins, a complex of 
protein and lipid, serve as the primary transporter of cholestérol and other lipids throughout 
the body. There is a direct corrélation between the présence of certain lipoprotein species 
and the incidence of coronary artery disease. High density lipoproteins are responsible for 
the removal of cholestérol from the peripheral tissues and, as such, lead to a réduction in the 
risk of heart disease. 
Reconstituted high density lipoproteins have been studied with the atomic force 
microscope. This microscope has revealed new insight into the structure of thèse 
supramolecular aggregates and their interfacial behavior. In order to allow accurate 
quantitation of latéral size a new imaging standard was developed. This standard, peptide 
modified colloidal gold, has been used in solution to solve tip induced artifacts and to correct 
for tip changes simultaneous with sample imaging. A spontaneous fusion process has been 
observed and examined, revealing the important structural rôle of apolipoprotein A-I , even 
in an interfacial setting. 
Thèse discoidal rHDL have been found to generate a new form of supported bilayer 
structure which has been particulary amenable to atomic force microscope study and 
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manipulation. The microscope has revealed the bilayer structure of thèse dises through 
nanodissection. It has also been used to control the spontaneous fusion process of thèse 
dises, resulting in spatially defined bilayer domains of nanometer scale dimensions. By 
using a source of exogenous lipid in solution the AFM has been used to induce lipid 
exchange with thèse surfaces, resulting in a compositional change of the supported bilayer in 
a spatially controlled manner. A model of this process has been proposed based on defects 
introduced by the AFM tip binding vesicles, which subsequently fuse with the surface. 
Finally, the AFM has been used to direct proteins to spatially selected régions, allowing the 
fabrication of heterogeneous membrane protein containing surfaces. 
In separate studies, myoglobin has been used to study the fluorescence lifetime behavior 
of oriented biomolecular surfaces. Thèse studies have revealed différences in lifetime 
between differentially oriented myoglobin molécules, consistent with differential 
accessibility of the heme pocket to quenching by oxygen. A computational study of the 
dependence of linear dichroism on the distribution of protein orientation angle has revealed a 
constrained degenerate solution, which has impact on ail attempts to describe protein 
orientation with this technique. 
V 
To my mother, 
Maxine Carlson, 
and in memory of my father, 
Elwood Carlson. 
vi 
ACKNOWLEDGEMENTS 
I would first like to acknowledge my advisor, Prof. Stephen Sligar, whose immense 
creativity and unflagging enthusiasm have been incredibly educational. My development as 
a scientist has been a direct resuit of his guidance. I feel extremely fortunate that I have had 
the opportunity to work in his diverse and exceptional research group. Dr. Deborah 
Leckband has also been influential in this work, and I want to thank her for ail the impromptu 
times when I grabbed her ear about some scientific topic or other. 
Dr. (Major) Millie Firestone first introduced me to the realities of modem research, and 
many pearls of wisdom she gave me I to pass on someday. Todd Purves was unforgettable, I 
can't wait to see where he ends up (jail?). Kevin Saunders has been a great office-mate, even 
if I always did like his research better. Dr. Tim Bayburt has been a pleasure to work with. 
He's a great listener. Dr. Bruce Godfrey was an incredible help with many of the issues of 
microscopy, as we both worked to learn the technique. Mary Shank-Retzlaff has been an 
incredible companion through our years in lab. Her unflinching pursuit of knowledge has 
been a good driving force to my own work. Dr. Momcilo Vidakovic, a true friend and 
brother, was a great influence. To ail the other members of the Hemeteam I say 'thank you' 
for a fulfilling and challenging five years. Dr. Shailesh Sivasankar and Sanjeevi Sheth 
(sorry, lads, had to do it) have provided a good biointerfacial perspective to my work. 
Thanks to Aretta Weber, our illustrious administrative assistant (read 'Sligar Lab nerve 
center'), Cindy Dodds, Queen of Biophysics and Computational Biology, and ail the other 
staff that I have had the pleasure of working with. 
Vlll 
Science! true daughter of Old Time thou art! 
Who alterest ail things with thy peering eyes. 
Edgar Allen Poe 
TABLE OF CONTENTS 
CHAPTER 1. Introduction to Protein-Lipid Surfaces 1 
1.1 Overview 1 
1.2 Architecture and Engineering 2 
1.3 Hemeprotein Attachment 4 
CHAPTER 2. Materials and Methods 7 
2.1 Protein Préparation 7 
2.2 Lipid Préparation 10 
2.3 Atomic Force Microscopy 11 
CHAPTER 3. Fluorescence Measurements of Oriented, Surface Attached Myoglobin 14 
3.1 Computational Analysis of Distributed Lifetimes 14 
3.2 Frequency Domain Lifetime Measurements 17 
CHAPTER 4. Uniquely Modified Colloidal Gold Particles for Simultaneous Scanning 
Force Microscope Tip Calibration and Imaging 27 
4.1 Introduction 27 
4.2 Préparation and Imaging of Peptide Modified Colloidal Gold 30 
4.3 Tip Changes in Aqueous Solution 32 
4.4 Imaging Under Physiological Conditions 33 
CHAPTER 5. Introduction to Reconstituted High Density Lipoproteins 42 
5.1 High-Density Lipoprotein Structure and Function 42 
5.2 Imaging Lipid Protein Surfaces by AFM 47 
CHAPTER 6. Imaging rHDL Under Physiological Conditions 55 
X 
6.1 Overview 55 
6.2 Single rHDL Structure 56 
6.3 rHDLCoverage 56 
6.4 Labeling rHDL with Monoclonal Antibodies 57 
6.5 Mobility of rHDL on Mica 58 
6.6 Covalent Linkage of rHDL 59 
6.7 Spontaneous Fusion of High Coverage rHDL 60 
CHAPTER 7. Manipulation of rHDL by the Atomic Force Microscope 71 
7.1 Overview 71 
7.2 Patterning and Digging High Coverage rHDL 73 
7.3 AFM Induced Lipid Exchange 73 
7.4 Mechanism of AFM Manipulation 77 
CHAPTER 8. Summary and Future Perspectives 88 
8.1 Summary 88 
8.2 Future Perspectives 90 
BIBLIOGRAPHY 93 
VITA 101 
1 
CHAPTER 1. Introduction to Protein-Lipid Surfaces 
1.1 Overview 
Protein-lipid assemblies are a key mediator of biological function throughout nature, 
providing compartmentalization, signal transduction and energy storage, as well as other key 
rôles. Lipids and proteins work in conjunction to provide this versatility. Lipid monomers 
self-assemble to generate a dynamic surface which both prevents diffusion between 
compartments and provides a two-dimensional surface for interactions to occur upon. 
Proteins provide thèse surfaces with functionality, diffusing along the two dimensional 
surface and interacting with a range of other molecular players. It is very difficult to obtain 
detailed structural and behavioral information about membrane Systems, however, due to 
their highly dynamic nature. Additionally, interest in generating surfaces of controlled 
structure and behavior nécessitâtes new methods for biological surface manipulation. 
Technological interest in supported membrane Systems stems from their potential use in 
a wide range of thin film applications. Many biological molécules have been used to impart 
functional, optical and electronic properties on thin film devices. The vast library of 
molécules available in nature makes the number of possible device applications immense. 
Nucleic acid surfaces have recently become useful as gene chips for high throughput 
genomics (Johnston 1998). Nucleic acid surfaces have also been used for détection of 
microorganisms, where microfluidic PCR devices amplify characteristic genetic signatures 
and then detect them using a surface hybridization scheme (Kopp, de Mello et al. 1998). 
Protein surfaces have been used extensively for affinity chromatography, where a protein's 
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high specificity binding is used to purify a ligand in a fast and efficient manner. 
Understanding the fundamental biophysics of biological interfaces is therefore key not only 
to understanding physiological function but also how thèse molécules can be used to answer 
technological questions. 
Supported protein-lipid surfaces are a clear first choice for maintaining a biological 
molécule in its native environment. Thèse surfaces allow a number of powerful techniques 
to be used. For many years électron microscopy has been used to study the structure or 
biological macromolecules. The solution structure of thèse molécules is typically frozen 
through the use of chemical fixation or cryogénie techniques. More récent techniques, such 
as atomic force microscopy, offer the possibility of imaging unfrozen macromolecules, 
potentially leading to both functional and structural information about thèse Systems. 
Learning to prépare biological surfaces suitable for atomic force microscope investigation is 
still in its infancy. 
1.2 Architecture and Engineering 
Lipid protein surfaces play a key rôle in a number of biological and technological 
Systems, such as cell cell récognition events, cell signaling, and the construction of novel 
biosensors and bioreactors. Controlling thèse Systems, both in a biological setting and in a 
setting suitable for technological exploitation, is of great interest to answering questions 
about the rôle of surface interactions in biology as well as to creating a new génération of 
biologically based devices. Thèse surfaces have already been used in conjunction with a 
variety of techniques to answer a number of fundamental problems. Surface force 
measurements have revealed the rôle of protein structure on long distance binding 
interactions (Leckband 1995). Single molécule spectroscopy has revealed the heterogeneity 
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présent in populations of biological molécules (Lu, Xun et al. 1998). Scanning probe 
microscopy has been used to fold and unfold single protein molécules (Rief, Gautel et al. 
1997). Ail of thèse méthodologies are based on well-defined surface architectures. 
Supported protein and lipid-protein surfaces can be fabricated in a number of ways. 
Langmuir-Blodgett déposition allows epitaxially heterogeneous layers to be constructed by 
altering the composition or structure of the molécules at the air-water interface which the 
solid surface is passed through. Langmuir-Blodgett has been used in to construct oriented 
protein-lipid layers, which have been used in conjunction with neutron scattering and x-ray 
diffraction to examine membrane protein structure. 
Vesicle condensation can also be used to generate protein-lipid surfaces. Small 
unilamellar vesicles will adsorb spontaneously from solution onto a hydrophilic or 
hydrophobic surface, yielding either a bilayer or a monolayer of lipid, respectively. The 
resulting surface will have a homogeneous composition, matching that of the SUVs used, but 
can be subdivided into separate régions, called corrals. Thèse corrals can be fabricated either 
through mechanical manipulation with a sharp object, like the tip of a pair of tweezers, or by 
controlling the nature of the surface upon which the lipids are adsorbed (Groves, Ulman et al. 
1997; Groves, Ulman et al. 1998). By adsorbing lipid onto a surface subdivided into régions 
of varying hydrophilicity corrals can be built in a very homogeneous and controlled manner. 
Thèse corrals have been used in conjunction with fluorescence microscopy to examine the 
motions of biological molécules in an electric field (Groves, Wulfing et al. 1996). 
The architecture of a protein-lipid surface is greatly modified by the nature of the 
support upon which it rests. In vivo it is the cytoskeleton and the extracellular matrix which 
are responsible for thèse interactions. The cytoskeleton of red blood cell ghosts has been 
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particularly well studied, revealing a protein network that parallels the cell membrane's 
surface and controls the localization and compartmentalization of membrane proteins 
(Alberts, Bray et al. 1994). In vitro, self-assembled layers of alkylthiols or alkylsilanes, as 
well as polymer layers such as polyethylene glycol, have been used to support lipid-protein 
layers. As mentioned above, thèse self assembled molécules provide control over the 
properties of the surface, such as hydrophilicity and structure, which can in turn be used to 
modify the structure of the lipid or protein molécules. They can also be used to directly 
control the orientation of biological molécules though covalent attachment and hence alter 
their properties. Finally a number of molécules have been investigated with the hope of 
generating a fluid lipid surface within which transmembrane proteins will diffuse. 
1.3 Hemeprotein Attachment 
Covalent attachment of hemeproteins to surfaces has led to a number of insights about 
the construction of biomaterials. Thèse biomaterials have a number of applications, 
including biosensors, bioreactors, supports for chromatography, and "smart" materials. 
Understanding the structure and behavior of thèse materials is critical for realizing their 
potential. Hemeproteins are an idéal building block for a number of reasons. They are 
electronically active and provide a link between traditional electronic device architectures 
and biological structures. The heme prosthetic group provides a strong, conformationally 
sensitive, probe. This provides detailed information about the nanoscale structure of thèse 
surface attached proteins. Hemeproteins can bind a number of ligands, which can serve as 
structural probes for expérimentation or may be useful for biological détection. 
Previous work into the structure of covalently linked protein biomaterials has indicated 
the complexity of this System. Initial investigation by Stayton et al. (Stayton, Olinger et al. 
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1992) using genetically engineered cytochrome b5 indicated the ability of the protein to be 
oriented by genetically engineering a cysteine residue on the protein's surface. Two mutant 
proteins were used, one with a cysteine at position 8 and one with a cysteine at position 65. 
Thèse two cysteine residues oriented the protein in opposite directions, as demonstrated by 
absorption linear dichroism. 
McLean et al. (McLean, Stayton et al. 1993) demonstrated the altered reactivity of thèse 
differentially oriented cytochrome b5 surfaces to cytochrome c in solution. The cytochrome 
b5 binding site was either be exposed or obscured depending upon the orientation of the 
cytochrome b5 molécule. This led to a differential interaction of the solution phase 
cytochrome c with the surface oriented cytochrome b5, as detected by the rétention of 
cytochrome c on an oriented cytochrome b5 chromatography column. 
Hong et al. (Hong, Bohn et al. 1993; Hong, Jiang et al. 1994) focused on the fabrication 
and characterization of thèse materials. By developing a method for determining the 
extinction coefficient of oriented hemeprotein layers the quantitation of surface coverage was 
simplified. Exploring the parameters involved in biomaterial fabrication led to a number of 
insights, including the use of a heterobifunctional linker for higher efficiency covalent 
attachment. 
Firestone et al. (Firestone, Shank et al. 1996) explored the rôle of the linker molécule on 
rational design of hemeprotein nanostructures. Examination of the linker's structure by FTIR 
revealed the degree of gauche and trans bonding in thèse surface layers. This information, in 
conjunction with measurement of the linear dichroic ratio, was used to demonstrate the key 
impact of the linker on the resulting biomolecules orientation. The hydrophobicity of the 
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linker was shown to relate to the proteins stability, and AFM images were used to quantitate 
the roughness of the surface layers. 
A number of questions about thèse biomaterials remain. Little is known about the 
dynamics of surface attached hemeproteins. By reconstituting apomyoglobin with Zn 
protoporphyrin IX a number of aspects of the protein's conformational flexibility can be 
addressed through fluorescence. Additionally, given the clear importance of the linker 
structure on the protein's orientation it would be bénéficiai to extend the model of the 
protein's orientation to include a range of orientations, not just a single value. This would 
allow a more accurate picture of the material's surface structure to be developed. 
Reformulating the linear dichroism method used for orientation détermination has yielded 
valuable insight into the ability of this technique to détermine the proteins orientation. AFM 
promises to further reveal the structure détails of thèse surfaces. 
CHAPTER 2. Materials and Methods 
2.1 Protein Préparation 
2.1.1 Myoglobin Growth and Purification 
The préparation of compétent E. coli cells followed previously published procédures 
(Jiang 1995). To produce transformed cells 2 \\L of plasmid was added to 200 JLIL of 
compétent cells. This mix was then incubated on ice for 30 min. Cells were heat shocked at 
42 °C for 90 seconds, after which they were returned to an ice bath for 2 min. 1 mL LB 
broth was added to the cells, which were then incubated at 37 °C for 45 min. 50 - 200 |aL of 
the cell suspension was then plated on an LB agar plate containing 0.25 mg/mL ampicilin. 
A fresh colony was selected using a stérile toothpick after typically 10 hours of growth. 
This toothpick was used to inoculate a 5 mL LB broth containing 0.2 mg/mL ampicilin, 
which was allowed to grow overnight. 0.5 mL of cell suspension was used to inoculate 50 
mL 2X YT média containing 0.2 mg/mL ampicilin, which was allowed to grow for 8 hours. 
Large-scale growth was achieved by subséquent inoculation of 2X YT média containing 0.2 
mg/mL ampicilin with 0.1% of the 50 mL inoculum. Growth was typically carried out with 1 
L of média in 6 L flasks, shaken at 200 rpm. Cells were harvested using centrifugation at 
8,000 rpm, or, for growth volumes greater than 10 L, using a continuous flow centrifugation 
System. Recovered cell paste was stored at -70 °C until use. 
Cells were lysed using either a lysis buffer or a cell disruptor. The lysis buffer consisted 
of placing 100 g cell paste into 200 mL of 50 mM Tris-HCl (pH 8.0), 0.1 mM DTT, 0.1 mM 
EDTA, 1 unit/mL RNAse A, 32 unit/mL DNAse and 3 mg/mL lysozyme at 4 °C overnight. 
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This mixture was then centrifugée at 8,000 rpm for 25 minutes and the resulting supernatant 
was then ultracentrifuged at 20,000 rpm for 20 minutes. The cell disruptor was used by 
resuspending into 250 mL batches of 10 mM NaPi buffer (pH 6.0). Once cells were lysed the 
resulting lysate was centrifuged as described above. 
Protein purification was carried out on a CM-52 cation exchange column (28 cm 2 X 20 
cm) preequilibrated with 10 mM NaPi buffer (pH 6.0). The supernatant resulting from lysate 
centrifugation was readjusted to pH 6.0 using 1M N a 2 H 2 P 0 4 and then loaded on the column, 
followed by 2 L of équilibration buffer. Myoglobin was eluted using a linear gradient of 10 
mM NaPi from pH 6.0 to pH 9.2. For the D27C and E109C mutants, a sait gradient was 
applied in addition to the pH gradient because of their tighter binding to the CM-52 resin. 
This sait gradient ranged from 10 mM NaPi (pH 6.0) to 10 mM NaPi (pH 9.2), 0.1 M KC1. 
The resulting fractions were examined using UV-Vis spectroscopy, and pools of appropriate 
purity were combined for later use and stored at -70 °C. 
2.1.2 rHDL Préparation 
Three différent samples of rHDL were prepared as needed, one with 2, one with 3 and 
one with 4 apoA-I per rHDL, which are referred to as Lp2, Lp3 and Lp4, respectively. The 
variation in stoichiometry leads to a variation in the size distribution of the discoidal 
particles, as characterized previously by gradient gel electrophoresis, with average 
hydrodynamic diameters of 9.9 nm for Lp2, 14.3 nm for Lp3, and 19.2 nm for Lp4 (Wald, 
Krul et al., 1990). 
The rHDL were prepared using the sodium cholate dialysis method in molar ratios of 
150:1, 175:1 and 200:1 (L-oc-dipalmitoyl phosphatidylcholine:apoA-I), as described 
previously (Wald, Krul et al., 1990). The smaller the ratio of lipid to protein during 
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préparation the greater the proportion of Lp2 that will be formed. Cholate was removed 
through exhaustive dialysis against 0.1 M Tris-HCl pH 8.0, 0.005% EDTA, 0.15 M NaCl, 1 
mM NaN3. For dialysis, a Slide-A-Lyzer (Pierce Scientific, Rockford, IL) was used 
containing typically less than 1 mL of the apoA-I lipid mixture, and was dialyzed against 1 L 
with a minimum of 4 changes. For DPPC rHDL, dialysis was carried out at 32 °C. 
Diameters of rHDL were determined by nondenaturing 8-25% polyacrylamide gel 
electrophoresis on a PHAST System (Pharmacia, Uppsala, Sweden). The dialysates were 
separated into individual rHDL classes by gel filtration on a Superdex 200 HR 10/30 column 
on an FPLC System (Pharmacia, Uppsala, Sweden) preequilibrated to 0.1 M Tris-HCl pH 8.0, 
0.005% EDTA, 0.15 M NaCl, 1 mM NaN3. Protein concentration was determined using the 
method of Lowry (Lowry, Rosebrough et al., 1951) or through absorption spectroscopy, 
using an extinction coefficient of 82go =1.15 mL mg"1 cm"1 for apoA-I. Purified DPPC rHDL 
were stored at 4 °C for up to 2 months. 
2.1.3 Monoclonal Antibody Purification 
Monoclonal antibodies to various epitopes on apoA-I were the kind gift of Dr. Ana Jonas 
(University of Illinois Urbana-Champaign). Thèse antibodies were further purified using 
Protein G affinity chromatography. A HiTrap Protein G column (Pharmacia Biotech, 
Uppsala, Sweden) was first prewashed with five volumes of 20 mM NaPi (pH 7.0). The 
sample was then applied to the column, followed by a wash with five additional volumes of 
10 mM NaPi (pH 7.0). Three volumes of 0.1 M glycine-HCl (pH 2.7) were used to elute the 
monoclonal antibody from the column. A small amount (approximately 100 |iL / mL of 
fraction) of 1 M Tris-HCl (pH 9.0) was added to each fraction to neutralize the acidic buffer 
used for elution as soon as possible. The absorbance of each fraction at 280 nm was 
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measured to détermine antibody content. Fractions were assessed for antibody purity using 
nondenaturing 8-25% polyacrylamide gel electrophoresis on a PHAST System (Pharmacia, 
Uppsala, Sweden). 
2.2 Lipid Préparation 
2.2.1 Préparation of Small Unilamellar Vesicles 
Small unilamellar vesicles were prepared using the ultrasonication method. Stock 
solutions of the desired lipids were prepared in chloroform or a chloroform methanol mixture 
and the appropriate volume used to produce a mixture of the desired stoichiometry. Solvent 
was removed by passing filtered dry N 2 over the mixture. The lipids were then resuspended 
by vortexing in water from a millipore purification System to produce a solution with a 
typical concentration of 1 mg/mL. Occasionally, 20 mM NaCl was added to aid in 
resuspension. Note that it is important to keep the lipid solution free of external phosphate to 
allow subséquent concentration détermination. Probe sonication of the resuspended lipids 
was carried out for three minutes on and three minutes off, allowing the température to 
equilibrate, at 20-30 % power, 20 % duty cycle, for up to 30 minutes (or until the solution 
cleared). The solution was bathed in a water bath with a température greater than the 
transition température of the lipid mixture being used and maintained under filtered dry N 2 . 
After sonication the lipid solution was ultracentrifuged at 43,100 rpm in a Ti-70 rotor for 5 
hours. The température was maintained at 4 °C. After centrifugation the supernatant was 
stored at 4 °C. 
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2.2.2 Lipid Extraction and Thin Layer Chromatography 
Lipid extraction from an aqueous phase was used to prépare lipids for thin layer 
chromatography. This method can be used for extraction from both an SUV or an rHDL 
solution. A mixture of 1:2:0.8 chloroform:methanol:aqueous lipid solution was prepared. 
This mixture should consist of one phase. Adjusting the stoichiometry of this mixture to 
2:2:1.8 chloroform:methanol:aqueous lipid solution results in a phase séparation, where the 
lower phase is now an organic layer containing the lipids from the aqueous phase. If the 
solution remains cloudy it can be briefly centrifuged at 14,000 rpm on a benchtop centrifuge 
to aid in phase séparation. 
Thin layer chromatography was used to assess lipid purity of stock solutions, small 
unilamellar vesicles, and rHDL. After extraction a capillary tube was used to deliver a small 
volume of the lipid to a TLC plate. The plates used in this work were TLC Plastic Sheet 
Silica Gel 60, without fluorescent indicator, 0.2 mm thick (EM Séparations, Gibbstown, NJ). 
A solution of chloroform:methanol:water (65:30:5) was used in the TLC chamber. TLC 
plates were read using a chamber containing solid iodine crystals. 
2.3 Atomic Force Microscopy 
2.3.1 Préparation of Samples for Imaging 
Purified rHDL were diluted to the desired concentration using a standard imaging buffer 
consisting of 10 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 and 0.1 M NaCl. This standard 
buffer was used for ail AFM imaging unless otherwise mentioned. Muscovite mica (S & J 
Trading Inc., Glen Oaks, New York), previously glued to a 10 mm stainless steel disk, was 
freshly cleaved and 20 |iL of rHDL solution applied. Déposition was carried out in a clean 
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Pyrex chamber containing additionally a pool of nanopure water (Millipore Corp., Bedford, 
Massachusetts) to provide humidity and seal the chamber. Samples were never allowed to 
dry before imaging. Some samples were rinsed with the standard imaging buffer, with no 
apparent change in the résultant images. 
The rHDL mica was kept under buffer during transfer to the liquid cell of a Nanoscope 
IHa (Digital Instruments, Santa Barbara, California). Images were taken using either an E 
scanner or an A scanner, with oxide sharpened silicon nitride tips (Digital Instruments, Santa 
Barbara, California) on the thin, 200 |nm, cantilever reported by the manufacturer to have a 
typical spring constant of 0.06 N/m. 
Height measurements of low coverage samples were taken from the center of the rHDL, 
while the depth of higher coverage samples was obtained using the bearing analysis routines 
in the Nanoscope version 4.22 software (Digital Instruments, Santa Barbara, California). The 
latéral distances of the microscope were calibrated using an atomic image of mica and a gold 
surface ruled with a 1 mm grid, both provided and described by the manufacturer (Digital 
Instruments, Santa Barbara, California). The vertical distances of the microscope were 
calibrated using a scored mica surface revealing a séries of mica steps and a surface of 180.0 
nm deep pits on a silicon wafer. Thèse calibration methods resulted in high accuracy 
calibration ( less than 0.1 nm) in both latéral and vertical dimensions. 
In order to quantitate the area per particle, images were initially processed using the 
Nanoscope software version 4.22 (Digital Instruments, Santa Barbara, California), then 
exported to a Macintosh, running NIH Image Version 1.60 (U.S. National Institutes of 
Health, Washington D.C.). The area was quantitated by first generating a mask which 
defined the border between each single particle. A gap of three pixels was used to delineate 
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each disk for analysis. This three pixel gap was divided by two to obtain a gap per disk of 
1.5 pixels. In order to incorporate this gap into the measured area, the circumference was 
multiplied by 1.5 and added to the initially measured area. This corrected area was then used 
in the histogram analysis. Where particles could not be resolved due to noise they were 
discarded, as well as any particles on the edge. Data from various images was compiled into 
sets using Kaleidagraph version 2.1.4 (Synergy Software, Reading, PA) and fit to a two 
population Gaussian model using Igor Pro (Wavemetrics, Lake Oswego, OR). Patterning 
and "digging" were typically accomplished at forces of approximately InN with scan rates of 
20 to 30 Hz. Whether higher force and scan speed resulted in digging or patterning depended 
on the sample. 
2.3.2 Préparation of the Microscope 
The fluid cell and its O-ring was cleaned by sequential bath sonication using a 95 % 
ethanol solution, tap water with Joy brand détergent, tap water, then two rinses of nanopure 
water. Each sonication step was carried out for at least 20 minutes. The atomic force 
microscope's E scanner was calibrated using a ruled gold grating, while the A scanner was 
calibrated using an ultrahigh resolution image of mica. This ultrahigh resolution image 
reveals the corrugation of oxygen atoms on the mica surface and is easily obtained in air. 
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CHAPTER 3. Fluorescence Measurements of Oriented, Surface Attached Myoglobin 
3.1 Computational Analysis of Distributed Lifetimes 
The structure of covalently linked hemeprotein surfaces has been repeatedly probed 
using linear dichroism to examine the orientation angle of the protein. The absorption 
transition moment of the heme prosthetic group provides the spectroscopic handle for thèse 
measurement. The heme is a ring oscillator with an absorption dipole that is degenerate in 
the heme plane, and so équations reflecting this degeneracy must be used to calculate the 
expected dichroic ratio (Cropek and Bohn 1990). Previous work has examined this System as 
completely oriented, that is, with only a single orientation angle describing the protein's 
position on the surface. Recently, the AFM has been used to obtain accurate surface 
topography information over a large scale (Firestone, Shank et al. 1996). Thèse 
measurements allow surface roughness to be quantitated, and have indicated that although 
the overall roughness is smaller than the size of the protein it may still play a rôle in 
distributing the orientation of the protein among a variety of subpopulations. Given thèse 
surface roughness measurements, an investigation was undertaken to incorporate a 
distribution of orientation angles into the équations for Computing linear dichroism. In 
addition to surface roughness a distribution in orientation could be introduced by a number of 
other mechanisms. Possibilities include flexibility of the protein, motion of the whole 
protein molécule upon its tether, motion of the heme prosthetic group within its pocket, or 
nonspecific physisorption of protein to the surface (for a discussion of thèse possiblities, see 
(Edmiston, Lee et al. 1997; Wood, Cheng et al. 1997)). 
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where the brackets dénote averaging over the azimuthal angle <|> and a distribution of angles 
in 9 denoted by D (Fig. 3.1). The normalized probability distribution function used to 
describe the distribution here is essentially a step function centered on the angle 0 O and 
extending to either side by an angular amount a, or 
0,0 < 0 o - C T 
2 < T , 0 O - ( 7 < 0 < 0 O + C 7 
0,0 > 0 o + c r 
Clearly other choices of distribution function could be made and incorporated into the 
équations as desired depending on the spécifie physical model being explored. 
The absorbance is then calculated by evaluating the average described above, which 
reduces to the appropriate intégral, 
HD=W^ J7(0)«(0,0)sinft/0 
o e n - r r 
The two polarizations employed in thèse experiments will change the a((|),0) used, 
resulting in two intégrais. The two absorbance équations, essentially the projection of the 
Regardless of its source, a distribution of orientation angles introduces a new 
complication to the calculation of linear dichroic ratio. The dichroic ratio is defined as the 
ratio of the absorbance of s-polarized light to the absorbance of p-polarized light, or 
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incident light's wave vector in the plane of the ring oscillator, are given by the following two 
expressions, 
aTE = jji2 El ( 1 - sin 2 G sin 2 0) 
aTM = fi2 El [l - sin 2 G sin 2 (f]+ /u2E2 sin 2 G + 2JJL2EX EZ sin G^]l-sin2 0 s in 2 0 
where m is the absorption dipole for the ring oscillator, E x , E Y , and E z are the x, y and z 
components of the incident electric field, and co and <|) are the angles which define the 
orientation (Fig. 3.1). 
Thèse intégrais cannot be solved analytically so they were solved numerically by the 
software package Mathematica (Wolfram Research, Champaign, IL). Examination of the 
dependence of linear dichroism on the distribution of orientation angles results in a number 
of interesting conclusions (Fig. 3.2). The most important point is that while measurement of 
the linear dichroism for various slide tilt angles can narrow down the possible solutions thèse 
measurements alone cannot solve for both an orientation angle and its distribution. For 
example, the calculated curve for an oscillator centered at 31° from the surface normal with 
no distribution (a = 0°) identical to the curve for an oscillator centered at 20° with a 
distribution of 24.5°, or a oscillator centered at 10° with a distribution of 29.5 (Fig. 3.2, 
curves A and B). Accurate measurement of the surface topography is therefore essential, 
providing an independent measurement of the width of the distribution. This information, in 
conjunction with linear dichroism measurements, can then be used to détermine the center of 
the orientation distribution. As the orientation distribution increases, the curve approaches 
the curve for a randomly oriented protein (Fig. 3.2, curve C). 
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3.2 Frequency Domain Lifetime Measurements 
Fluorescence lifetime measurements are an intégral part of fluorescence microscopy. 
The amount of time a molécule spends in its excited state can be related to the rate of 
collisional encounters with quenchers, the rate of excited state reactions, and the rate of 
energy transfer. In biophysics, fluorescence lifetime measurements have played a central 
rôle to the understanding of protein dynamics (Lakowicz 1983). 
Fluorescence lifetimes are typically measured in either the time domain or the frequency 
domain. Time domain measurements utilize a puise of light and then follow the émission 
resulting from excited state decay. The émission can then be fit to an exponential curve, 
giving the fluorescence lifetime. This method is complicated by both the présence of 
multiple lifetime components and the width of the excitation puise. 
Détermination of fluorescence lifetimes in the frequency domain uses a continuous 
illumination that varies sinusoidally in intensity. The émission also varies sinusoidally, but 
differs in its degree of modulation and in the phase of its signal. This réduction of 
modulation (démodulation) and the change in phase angle for a given frequency of 
illumination can be related to the lifetime of the decay using two équations, 
tan (j) = ù)Tp 
m = [l + (02T2mYA 
where 0 is the change in phase angle, m is the démodulation, co is the angular frequency of 
the excitation light, and TP and x m are the phase and démodulation lifetimes, respectively. 
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3.2.1 Instrument Design 
The 514 nm line of an Ar + laser was used was used as an excitation source, providing 2.0 
W of power at the laser's output. Glan-Taylor polarizing prisms (Melles Griot, Irvine, CA) 
were used to alter the polarization where needed. Light modulation was introduced by a 
Pockel's cell (Lasermetrics, Englewood, NJ), which was driven by an electronics package 
developed by SLM Aminco as part of their 48000S fluorimeter System (Spectronic 
Instruments, Inc., Huntley, IL). A quartz slide was used to split the beam into two paths, one 
référence and one signal. The sample, as needed, was either a cuvette or a slide oriented just 
off of 45° from the incident light. This orientation prevented direct Rayleigh scattering of the 
incident laser light from reaching the signal PMT. A set of cylindrical lenses was used to 
both deliver the excitation light and collect the resulting émission. A colored glass filter 
(Melles Griot, Irvine, CA) was used to select only the emitted light, and a set of neutral 
density filters (Melles Griot, Irvine, CA) was used to modify light intensity as needed. A 
schematic of the optical path is provided (Fig. 3.3). 
The PMTs and their electronics were part of the SLM Aminco 480000S fluorimeter 
System described above. The gain of the référence and signal PMTs was modulated at a 
frequency shifted by 10 Hz from that used for the incident light intensity modulation. This 
cross-correlation détection of the phase and démodulation signal is essential because of the 
high frequency signais used for the light modulation. Cross-correlation reduces the 
frequency of the signal to be measured considerably while preserving the phase and 
démodulation data. The PMT signais were analyzed by the central electronics module of the 
48000S System (SLM Aminco, Urbana, IL), connected to a IBM AT (IBM, White Plains, 
NY). The SLM Aminco software allows phase and démodulation data to be collected and 
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saved as a séries of values for each frequency probed. This data was fit using the Globals 
Unlimited software package (Globals Unlimited, Urbana, IL), which fits the phase and 
démodulation curve to a sum of exponential decay functions. 
3.2.2 Lifetime Measurement Results 
In order to probe the conformation and structure of surface oriented myoglobin the 
fluorescence decay of surface attached myoglobin was compared with solution phase 
measurements for three différent mutants, E109C, D27C and A126C (Fig. 3.4) (where 
E109C refers to a substitution in the polypeptide chain of the protein at position 109, 
changing a glutamic acid residue (E) into a cysteine residue (C)). The use of thèse mutants in 
oriented hemeprotein surfaces has been documented in the past, and issues such as structure, 
orientation and stability have been addressed (Jiang 1995; Firestone, Shank et al. 1996). The 
reconstitution of each mutant with Zn PPIX led to a fluorescently labeled protein with little 
perturbation of the protein's structure in solution. 
Comparing the raw solution phase measurements to the raw surface linked 
measurements indicates the large perturbation to the fluorescence decay that the surface 
causes. The extent of démodulation, which usually range from 1.0 to 0.8 (Fig. 3.5 D,E,F), 
are modified greatly in the surface bound case (Fig. 3.5 A,B,C). The standard biexponential 
model did not appear to be appropriate for the A126C mutant on the surface, given the poor 
quality of the fit (Fig. 3.5 C). It is not clear at this time what other model would be more 
appropriate. The fit parameters (Table 3.1) of the solution phase fluorescence measurements 
for the E109C and D27C mutants was consistent with previous measurements of Zn PPIX 
reconstituted myoglobin in solution (Carrero, Jameson et al. 1995). The A126C mutant 
showed a longer lifetime than previously seen, indicating the mutant has an effect upon the 
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fluorophores decay process (Table 3.1). Upon binding to the silane surface each mutant 
exhibited a remarkable change in its fluorescence lifetime. Both the E109C and A126C 
mutants showed extended lifetimes, although by differing magnitudes, while the D27C 
mutant showed a slightly reduced lifetime. The magnitude of the change varied considerably 
between the mutants, with A126C experiencing the largest increase (3.89 ns to 9.74 ns) and 
E109C experiencing the least (2.32 ns to 3.39 ns). 
Thèse measurements indicate that there is an orientation dépendent différence in the 
fluorescent behavior of thèse covalently linked hemeproteins. This différence may be due to 
a number of things. There may be an orientation dépendent perturbation of the protein's 
matrix, leading to changes in the ability of oxygen to quench the Zn PPIX fluorescence. The 
solution measurements indicate that the différences are not only to the site directed 
mutagenesis, but can be related to the binding of the protein to the surface and its subséquent 
orientation. Thèse results indicate that the behavior of surface attached proteins may be 
altered in a subtle manner by their surface orientation, and this may impact their function in 
the next génération of biomaterials. 
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Figure 3.1 Coordinate System for Linear Dichroism Calculations. The three axes represent 
the surface coordinate axes and the shaded circle is the heme plane. The normal to the heme 
plane is defined by the two angles shown. 
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0 O (Deg.) 
Figure 3.2 Computation of Dichroic Ratio for a Distribution of Angles. This figure 
illustrâtes the inhérent degeneracy of the computationally derived solution to a distributed 
heme orientation angle. (A) 0 O = 31°, a = 0° and 0 O = 20°, a = 24.5° (overlaid), (B) 0 O = 
10°, a = 29.5°, (C) 0o • 31°, a = 15°. 
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Figure 3.3 Schematic of the Frequency Domain Fluorimeter. This schematic illustrâtes both 
the optical path and the electronic configuration of the instrumentation described in the text 
Figure 3.4 Myoglobin Structure. This figure illustrâtes the position of the three residues 
mutated to cysteine for the fluorescence experiments described. 
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Figure 3.5 Measurements of Myoglobin Lifetime. Thèse plots show the fit of expérimental 
phase (solid circles) and démodulation (open circles) to a two lifetime model. (A) Surface 
attached E109C, (B) Surface attached D27C, (C) Surface attached A126C, (D) Solution 
phase E109C, (E) Solution phase D27C, (F) Solution phase A126C. 
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Solution Phase Lifetime 
(x, ns) and Fraction (0) 
Surface Attached Lifetime 
(x, ns) and Fraction (0) 
E109C Xi =0.16(01=0.59) 
x 2=2.32 (<>2=0.41) 
Xi=0.20 ((pi=0.71) 
x 2=3.39 (02=0.29) 
A126C t!=0.60 (<(>i=0.79) 
x 2=3.89 ((1)2=0.21) 
Xi=0.58 (01=0.78) 
x 2=9.74 (02=0.23) 
D27C Xi=0.06 (<(>i=0.48) 
x 2=2.34 (02=O.52) 
Xi=0.00 (0i=O.26) 
x 2=4.23 (02=0.74) 
Table 3.1 Frequency Domain Lifetime Measurements. This table shows the results of fitting 
to a biexponential for the différent experiments conducted. 
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CHAPTER 4. Uniquely Modified Colloidal Gold Particles for Simultaneous Scanning 
Force Microscope Tip Calibration and Imaging 
4.1 Introduction* 
Ever since its invention in 1986 (Binnig and Quate 1986) the scanning force microscope 
(SFM) has found application to a wide variety of Systems. Many biological Systems, 
especially crystallized proteins and DNA, have been imaged at high resolution and thèse 
images have yielded new biological insight (for a récent review see (Shao, Mou et al. 1996)). 
Force curves of discrète bond breakage events have been used to characterize intermolecular 
binding events with great success. Many measurements, however, cannot be obtained 
because of the problem of finite tip size. A lack of knowledge about tip shape prevents 
accurate, high resolution image reconstruction, limiting the microscope's resolution and its 
ability to quantitate latéral distances. Additionally, a key parameter in defining image 
resolution is pressure, not force (Radmacher, Zimmermann et al. 1992; Sarid, Ruskell et al. 
1996). With no knowledge of the tip's shape and therefore the tip-sample interaction area, 
this parameter cannot be determined or controlled. The utility of SFM to measure 
intermolecular force curves is similarly limited by a lack of knowledge about intermolecular 
interaction area (Israelachvili 1992; Arai and Fujihara 1994). Force curve analysis of 
adhésion between macromolecules is difficult because of a lack of characterization of the 
tip's apex. Finally, a lack of real time information about the tip's shape limits imaging 
Reproduced with permission from Langmuir, submitted for publication. Unpublished work © 1999 
American Chemical Society. 
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reproducibility. This poor reproducibility impacts ail areas SFM expérimentation and leads 
to a frustrating lack of expérimental control and a tendency to blâme ail difficulties in 
resolution and imaging on 'tip effects'. Solving difficulties in the convolution of tip shape 
with soft biological samples in a simple and efficient manner will allow the potential of SFM 
to be realized. 
Three différent methods have been traditionally used to solve the problem of tip shape. 
In the first method a standard is prepared and imaged. The sample is then imaged followed 
by a second imaging of the standard to ensure no tip changes have occurred. This method is 
difficult, especially in aqueous solution, due to a large number of tip changes which can 
occur. Fabricated standards utilized in the past include calibration grids (Markiewicz and 
Goh 1995), polysilicon pillars (Griffith, Grigg et al. 1991), and monolayers of polystyrène 
latex (Odin, Aime et al. 1994; Vancleef, Holt et al. 1996) or silica (Boisset and Fretigny 
1994) sphères. In the second method the standard is a well characterized nanometer scale 
particle that is imaged either separately or concurrently with the sample. The most widely 
used particles are colloidal gold (Shaiu, Vesenka et al. 1993; Vesenka, Manne et al. 1993; 
Vesenka, Miller et al. 1994; Xu and Arnsdorf 1994) although microspheres (Markiewicz and 
Goh 1995) and occasionally biomolecules (Thundat, Zheng et al. 1992) have also been used 
for this purpose. Ail of thèse methods have only been demonstrated by imaging in air. 
Unmodified colloidal gold does not bind to surfaces in aqueous solution, therefore it is 
unsuitable for concurrent imaging of samples that need to remain hydrated. In the third 
method, numerical simulation is used to correct for the tip's shape without imaging a standard 
(Villarrubia 1994; Dongmo, Troyon et al. 1996; Williams, Shakesheff et al. 1996). Thèse 
'blind reconstruction' methods do an accurate job of reconstructing an upper limit for the tip's 
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shape given a certain set of limitations. Thèse methods also have difficulty with tip changes 
that occur during image acquisition. Thèse methods have difficulties with noise and cannot 
correct for departures from the standard hard contact imaging model, such as situations in 
which the surface to be imaged compresses under the force of the AFM tip (Villarrubia 
1997). 
Monodisperse colloidal gold particles can be readily synthesized with diameters from 5 
to 40 nm and can be functionalized with a variety of biomolecules including antibodies and 
streptavidin (Hayat 1989). They can also be specifically functionalized with organothiols to 
yield nanoparticles with a variety of properties (Weisbecker, Merritt et al. 1996; Hostetler 
and Murray 1997). Recently gold colloids have been functionalized with nucleic acids 
(Elghanian, Storhoff et al. 1997) and alkylsilanes (Buining, Humbel et al. 1997), adding to 
their chemical versatility. Although their use as an imaging standard in air and vacuum has 
been wide spread due to the fact that they are nondeformable (Vesenka, Manne et al. 1993), 
monodisperse, and of the correct size range for high resolution tip characterization (Grabar, 
Brown et al. 1997), their use in aqueous solution has not been demonstrated. 
A number of surfaces used for imaging in aqueous solution either already bind métal 
ions, such as mica (Hansma and Laney 1996), or can be easily modified to do so, such as 
supported phospholipid bilayers (Schmitt, Dietrich et al. 1994; Schnek, Pack et al. 1994) or 
self assembled monolayers of alkylsilanes (Bezanilla, Manne et al. 1995). Métal binding has 
also found extensive use in biology, where immobilized métal ion affinity chromatography 
(Porath, Carlsson et al. 1975; Hochuli, Bannwarth et al. 1988) allows the purification of 
proteins based on polyhistidine régions which themselves bind metals (Pack and Arnold 
1997). 
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In the work présentée! here, thiol chemistry has been combinée with colloidal gold to 
produce métal binding colloidal gold (MBG) which can serve as a versatile nanoparticle for 
SFM calibration. Thèse particles can be imaged in aqueous solution on a variety of 
substrates making them idéal for concurrent tip characterization and imaging. Mathematical 
image restoration techniques can then be used to evaluate and correct for tip shape and 
changes in shape that may occur during image acquisition. This éliminâtes a primary 
difficulty encountered in SFM image interprétation. The combination of accurate tip 
characterization in aqueous solution with image reconstruction techniques results in a 
powerful new methodology for SFM image analysis. 
4.2 Préparation and Imaging of Peptide Modified Colloidal Gold 
Functionalized gold particles were prepared through the reaction of 5 nm colloidal gold 
(EY Labs, San José, CA) with a synthesized polypeptide, Cys-Gly-Gly-Gly-His-His-His-His-
His-His (University of Illinois Biotechnology Facility, Urbana, IL). Polypeptide 
concentration was calculated by weight. Colloidal gold concentration was calculated by 
using an extinction coefficient at 520 nm of e 5 2 0 = 7 - 5 X 10 1 2 particles OD 1 mL"1 cm"1. The 1 
mL reaction mixture consisted of 0.01 mM Tris-Propane-HCl pH 9.0 (Sigma Chemical 
Company, St. Louis, MO), 15 mM polypeptide, and 5.9 X 10 1 5 particles L" 1 . This is 
approximately 1000 polypeptide molécules per gold particle. This mixture was left 
undisturbed in the dark at 25 °C for 72 hours, after which it was dialyzed at 4 °C over 24 
hours in a 10,000 MW cutoff Slide-A-Lyzer (Pierce Scientific, Rockford, IL) against three 
IL changes of 0.01 M Tris-Propane-HCl pH 9.0. This dialysis removed unreacted 
polypeptide and was required for subséquent imaging. 
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* JEGTools are available through anonymous FTP to 
ftp://d3 lrzO.stanford.edu/W aveMetrics/IgorPro/User_Contributions 
For imaging only the reacted colloidal gold 50 /xL of 1 mM NiCl 2 was placed on a 1 cm 
diameter freshly cleaved mica disk followed immediately by 50 ixL of stock métal binding 
colloidal gold (MBG). The mica disk was then covered with a Pétri dish for 10 minutes, 
followed by assembly of the fluid cell containing 1 mM NiCl 2. A Nanoscope Illa SFM 
(Digital Instruments, Santa Barbara, CA) was used with 180 /xm long, 25 /xm wide, 2 /xm 
thick noncontact ultralevers (Park Scientific Instruments, Sunnyvale, CA) for fluid tapping 
mode imaging. The cantilevers were tuned to an RMS amplitude of 0.3 V and a résonance 
around 35 kHz unless otherwise mentioned. 
For concurrent DNA and MBG imaging, a solution of 0.48 ng//xL Escherichia coli 1 kb 
plasmid DNA was prepared in 1 mM NiCl 2. A 2 /xL droplet of this solution was placed on a 
freshly cleaved 1 cm diameter mica disk, then dried in a pétri dish with indirect filtered 
nitrogen. The disk was rinsed with ImM NiCl 2, followed by fluid cell assembly into ImM 
NiCl 2. After imaging the DNA 200 JLIL of a 1:2 dilution of MBG stock in 1 mM NiCl 2 was 
injected into the fluid cell. 
The raw scanning force microscope images were low pass filtered using the Nanoscope 
III v4.22 software (Digital Instruments, Santa Barbara, CA). The filtered images were 
imported into IGOR Pro v3.0 (WaveMetrics Inc., Lake Oswego, OR) using macros 
developed by J. Guyer*. SPMmorph software was developed by J. S. Villarrubia (Villarrubia 
1997). This software allows the mathematical morphology opérations of 'érosion' and 
'dilation' to be performed on two given surface, where érosion is the removal of one surface 
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from the other (such as, in this case, removal of the tip's shape from the surface) and dilation 
is the addition of one surface to another. A model of the MBG spherical characterizer was 
generated using Mathematica v3.0 (Wolfram Research Inc., Champaign, IL). For analysis, a 
cropped expérimental image of the MBG particle and the characterizer model were loaded 
into the SPMmorph software, where the 'sample' was the expérimental MBG image and the 
'tip' was the characterizer model. After érosion, the resulting image was adjusted so that the 
eroded MBG structure's apex had a z value of zéro. This eroded MBG structure, which is a 
reconstruction of the tip's shape, was used to erode the complète original image, thereby 
deconvolving the shape of the tip from the image (Villarrubia 1994). This érosion was 
performed by loading it into the SPMmorph software, where the 'tip' was the tip 
reconstruction and the 'image' was the complète expérimental image of both the MBG and 
the plasmid DNA. Ail resulting images were visualized in IGOR Pro or Mathematica 
without further processing. 
4.3 Tip Changes in Aqueous Solution 
During the course of ail imaging experiment with a single tip a number of large tip 
changes could be observed (Fig. 4.1 A-D). Although the tip was withdrawn and re-engaged 
it was not allowed to impact the surface with a force higher than typically used for imaging 
(i.e. it was not 'crashed'). Many changes occurred at the transition between the microscope's 
up and down scans, while some changes occurred mid image. It is not clear whether thèse 
changes are due to tip contamination or to tip fracture. 
It is interesting to note in this séquence that while the tip was initially asymmetric (Fig. 
4.1 A,B) over time it became more symmetric (Fig. 4.1 C). The tip then reverted back to 
more asymmetric forms (Fig. 4.1 D). This indicates that tip changes can improve tips and 
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that while a tip may initially be poor for imaging (i.e. highly asymmetric and large) it may 
actually improve during scanning. Many of the later, asymmetric forms have small asperities 
at the apex of a very large tip apex indicating that for features with a small height they may 
provide high resolution with reduced applied pressure. 
4.4 Imaging Under Physiological Conditions 
Unmodified colloidal gold is highly sensitive to solution conditions and will flocculate if 
the pH and ionic strength are not carefully controlled. This flocculation can be detected 
easily by a large color change of the colloidal solution from red to blue. Simultaneous 
préparation of two samples with and without added polypeptide indicated that MBG exhibits 
increased stability compared to unmodified gold. MBG could be stored for multiple weeks 
in 0.01 M Tris-HCl pH 9.0 with no apparent changes. 
In order to demonstrate the ability of MBG to bind métal ions, two expérimental 
stratégies were used. In the first a freshly cleaved mica disk was incubated with a MBG 
solution containing Ni(II), which demonstrated the ability to bind thèse particles to mica in 
aqueous solution. In the second a MBG solution was injected into the fluid cell after a 
biological sample previously bound to the mica with Ni(II) had been imaged. This 
demonstrated the utility of MBG for tip characterization concurrent with sample imaging. 
Control imaging experiments demonstrated that unmodified gold could not bind to mica in 
aqueous solution containing Ni(II). 
SFM images of MBG under aqueous buffer revealed the appearance of individual 
particles on the mica surface (Fig. 4.2 A). Images showed thèse particles to be homogeneous 
in size and shape with a height of 8.9 ±1 .6 nm (N=205), as measured by cross section. Their 
shape, although reflecting tip induced distortions, was homogeneous (Fig. 4.2 A). The 
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coverage of gold on the mica surface under thèse conditions as detected by SFM was 41 
particles /xm"1 (N=5 X 1 [im2 images). 
Experiments were conducted to examine the stability of MBG to repeated SFM imaging. 
An MBG surface was prepared as above and imaged with différent tapping mode cantilever 
oscillation amplitudes for up to 10 min. MBG particles were most stable to imaging at small 
amplitudes. Using a target root mean square (RMS) voltage of 0.3 V a 1 fim scan with 
initially 45 MBG particles was imaged continuously for 10 minutes at a scan rate of 4.07 Hz. 
At the end of this time 35 MBG particles remained, a decrease of 22 %. With a target RMS 
voltage of 1.0 V ail the particles were removed after only a few scans. Large amplitudes in 
fluid tapping swept the surface of MBG, indicating that their binding, while sufficient for 
imaging at low forces was not tight enough to withstand higher forces. Most SFM structural 
visualization seeks to minimize applied forces, in order to reduce sample déformation. SFM 
imaging experiments requiring high forces, such as nanoindentation or nanomanipulation, 
may require a change of imaging modes (i.e. from high force to low force) in order to 
characterize the tip with MBG. The solution phase above the surface provides a réservoir of 
MBG particles which will subsequently rebind to a surface that has been swept clean, so they 
may still be used as a tip calibrator. 
4.4.1 Métal Binding Capability 
In order to verify the métal spécifie nature of the binding ethylenediaminetetraacetic acid 
(EDTA) was used. EDTA is a very strong métal chelating agent and sequesters métal ions 
from solution and, presumably, from the mica surface. A 0.2 M EDTA solution was 
prepared and injected into the fluid cell after imaging of MBG particles as described above. 
After injection MBG particles could still be imaged for approximately two minutes at which 
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point the particles rapidly disappeared and could no longer be visualized anywhere on the 
mica surface. This indicates that the présence of métal ions was required for imaging and 
supports the idea of the polypeptide's histidine tail specifically binding métal ions on the 
mica surface. The MBG particles could probably be easily used with other métal binding 
interfaces such as self assembled monolayers. 
4.4.2 Simultaneous Imaging and Calibration of Plasmid DNA 
A number of mathematical methods have been proposed for reconstructing the tip shape 
given an image of an appropriate characterizer (Keller and Franke 1993; Odin, Aime et al. 
1994; Xu and Arnsdorf 1994; Markiewicz and Goh 1995; Wilson, Kump et al. 1995; 
Villarrubia 1997). We have used the reconstruction morphology method of Villarrubia to 
first compute a tip shape from the colloidal gold characterizer image and then to reconstruct 
the original image through érosion of the tip's shape from the imaged plasmid DNA 
(Villarrubia 1997). This serves to demonstrate the tip characterization methodology and its 
capability to correct for many tip induced distortions. 
Supercoiled plasmid DNA was first imaged in aqueous solution using previously 
published methods (Hansma, Laney et al. 1995). A solution of MBG was then injected into 
the fluid cell. MBG particles appeared in images within a few minutes. The coverage of 
particles was greatly reduced, probably due to the dilution of the injected MBG solution. 
Several images of plasmid DNA with an accompanying MBG particle were taken. 
In order to reconstruct the tip shape a model of the characterizer was first generated. 
This model was based on measurements of a single MBG particle over five consécutive 
images. The height of this particle was measured using the section analysis feature of the 
Nanoscope software and was found to be 8.7 ± 0.4 nm (N=5). This height was used as the 
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diameter for a calculated sphère elevated above a flat plane. The sphere's centerpoint was set 
at 20 nm above the plane's surface in order to prevent érosion of the plane from the 
characterizer image. Erosion of the characterizer image with the simulated sphère 'tip' results 
in an image of the SFM tip on a flat plane (Fig. 4.3 A,B). The résultant tip shows a 
pronounced shoulder, as well as a number of asymmetries that have been added to the image 
(Fig. 4.3 A,B). 
This tip was then used to reconstruct the expérimental images (Fig. 4.4 A-F). The 
reconstruction was very pronounced for the MBG image. The original image becomes more 
symmetric and circular after reconstruction (compare Fig. 4.4 A and B). The différence 
between the two shows a large subtracted volume above the MBG, with little subtracted 
below and to the right (Fig. 4.4 C). Thèse changes effectively correct for the tip's 
asymmetry. The plasmid DNA in the image shows less pronounced changes. The portions 
where single stretches of DNA extend out from the main body have been thinned (compare 
Fig. 4.4 D and E). Additionally, some of the taller features in the main body have been 
shortened. The différences are much smaller in magnitude (Fig. 4.4F) due to the DNA's 
small height. It is interesting to note, however, the asymmetric nature of the correction due 
to the tips asymmetry. Also, the rightmost peak was preferentially eroded over the other two, 
which was not expected a priori. Thèse changes can also be visualized through cross section 
analysis (Fig. 4.5A,B). 
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Figure 4.1 Transient Tip Changes. Each image shows différent colloidal gold particles 
imaged in fluid tapping at various times with the same tip. The various shapes illustrate the 
addition of a tip effect to the colloidal gold particle. Each image is 141 nm square, with an 
identical height color scale, taken at the given times. (A) t=0:00 (min:sec), (B) t=6:50, (C) 
t=16:45, (D) t=64:37. 
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Figure 4.2 Imaging Métal Binding Gold in Aqueous Solution Containing 1 mM NiCl 2. (A) 
Adsorption of MBG to a mica surface in aqueous solution. (B) Simultaneous imaging of 
MBG and plasmid DNA in aqueous solution. 
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Figure 4.3 Reconstructed SFM tip shape using érosion of characterizer image with 
characterizer model. (A) Top view of tip. (B) Side view of tip. 1 X-Y pixel = 1.330 nm, 1 Z 
pixel = 2.744 X 10 4 nm. 
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Figure 4.4 Reconstructed Image of MBG and Plasmid DNA. MBG before (A) and after (B) 
reconstruction. (C) Différence between original and reconstructed MBG images. Plasmid 
DNA before (D) and after (E) reconstruction. (F) Différence between original and 
reconstructed image. Height scale bars are in nm. 
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Figure 4.5 Cross Section of Images Before and After Reconstruction. (A) Cross section 
through plasmid DNA. (B) Cross section through MBG. Dashed line is before 
reconstruction, solid line is after reconstruction. 
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CHAPTER 5. Introduction to Reconstituted High Density Lipoproteins 
5.1 High-Density Lipoprotein Structure and Function 
ApoA-I is the primary component of HDL, and is an important component of cholestérol 
transport in humans. ApoA-I plays a central rôle in the molecular events of lipid 
metabolism, and HDL blood levels, as measured by apoA-I content, are the best predictor of 
coronary artery disease. Previous studies examining the structure and behavior of rHDL 
have been based almost entirely on indirect data. Direct structure détermination has been 
limited to négative stain TEM, which is hindered by the présence of large scale artifacts (Fig. 
5.1). 
HDL are complexes of lipid and apolipoprotein which play a critical rôle in the 
régulation of cholestérol. Low levels of HDL and apoA-I correlate with an increased risk for 
coronary artery disease. HDL and their apolipoproteins serve as a transport mechanism for 
esterified cholestérol to the liver for catabolism, as well as promoting the efflux of 
unesterified cholestérol from nonhepatic cells. The species of HDL which is believed to be 
centrally involved in this transport is pre(3 HDL, also called discoidal structure. HDL can be 
grouped into two forms; a spherical form which is prédominant in the plasma of normal 
individuals, and a discoidal form which is typically found in much smaller concentrations, 
except in the plasma of LCAT déficient patients. Thèse two forms are made up of a number 
of subclasses, varying in composition and size. 
The study of apoA-I and HDL has benefited greatly from the ability to generate HDL of 
controlled composition in vitro. rHDL share many characteristics with the discoidal form 
found in vivo, and have been used to understand the lipid associated structure of apoA-I, the 
lipoprotein-enzyme interactions involved in cholestérol esterification, the rôle of HDL in 
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triggering cholestérol efflux, and the molecular events which lead to the heterogeneous HDL 
populations found in vivo. Discoidal HDL are the best substrate for LCAT, and rHDL share 
this behavior. The rôle of phospholipid structure, disk size, protein content and protein 
structure in the molecular interaction of LCAT can be distinguished. A variety of lipids and 
lipid probes can be introduced during reconstitution, and the protein composition can be 
controlled to generate disks consisting of one lipoprotein species or mixtures of species. 
The structure of apoA-I has been examined through a variety of biophysical and 
biochemical techniques, including séquence analysis, various spectroscopic techniques, and 
antibody mapping. Analysis of the 243 amino acid séquence of apoA-I has revealed the 
présence of twenty séquence repeats of eleven amino acids each ( l lmers) punctuated by 
proline residues (Fig. 5.2) (Barker and Dayhoff 1977; Fitch 1977; McLachlan 1977)). 
Circular dichroism (CD) and attenuated total reflection infrared spectroscopy (ATR-IR) 
indicate the protein is predominately oc-helical. ATR-IR measurements also indicated that 
the oc-helices are oriented parallel to the acyl chains of the phospholipids (Wald, 
Goormaghtigh et al. 1990). The amphipathic nature of apoA-I dominâtes its secondary 
structure. Each 11-mer, when represented by a helical wheel, has a high amphipathicity, as 
well as an arrangement of charges distinct from the amphipathic hélices found in globular 
proteins (Segrest, Jones et al. 1992). 
Recently the lipid free crystal structure of apoA-I has been determined to 2.7 Â 
(Borhani, Rogers et al. 1997). Four molécules of apoA-I assembled in the unit cell of this 
crystal to form a tightly associated elliptical ring. Each protein was paired into amphipathic 
dimers, where binding covered the hydrophobic face of the amphipathic hélix. Several 
interesting conclusions about the struture of apoA-I were reached. The repeated séquence 
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motif was found to rotate the hydrophobic face of the amphipathic hélices every 11 residues. 
This lipid free structure was used to model the lipid bound structure of apoA-I, generating a 
structure where apoA-I binds to the edge of the rHDL disk as a belt, with the hélix 
orientation perpendicular to the acyl chains of the phospholipids, contrary to previously 
discussed ATR-IR results. This is the first crystallographic évidence for the belt model of 
lipid bound apoA-I. 
Computer simulations of apoA-I have used a variety of différent approaches to make 
prédictions about the structure of HDL bound apoA-I. Simulations indicate the présence of 
antiparallel amphipathic oc-helices around the edge of the disk. One program has indicated 
that a hélix encompassed by a putative hinge région (residues 88-99) possesses a 
significantly différent arrangement of positively and negatively charged residues (Segrest, 
Jones et al. 1992). Other models have indicated the importance of sait bridges to stabilize the 
interhelical interactions of apoA-I (Brasseur, De Meutter et al. 1990; Nolte and Atkinson 
1992). A molecular dynamics simulation of rHDL indicated the importance of hydrophobic 
interactions over interhelical interactions (Phillips, Wriggers et al. 1997). The structure was 
built using indirect structural data with the apoA-I hélices parallel to the phospholipid acyl 
chains (Fig. 5.4). The structure was examined for two différent quaternary structural 
organizations of apoA-I, head-to-head and head-to-tail. The simulations did not indicate any 
clear différences between the two structures. 
ApoA-I has a low free energy of denaturation by guanidine hydrochloride (Edelstein and 
Scanu 1980), which has been attributed to a small degree of tertiary structure stabilization. It 
is, however, believed that various régions of the séquence play spécifie rôles in HDL 
function (Fig. 1). Using monoclonal antibodies (mAb) and peptide analogs, various régions 
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have been identified as playing a rôle in LCAT activation (Banka, Bonnet et al. 1991; Meng, 
Calabresi et al. 1993), the triggering of free cholestérol efflux (Banka, Black et al. 1994; 
Sviridov, Pyle et al. 1996), lipid binding (Holvoet, Zhao et al. 1995; Davidson, Hazlett et al. 
1996), and in a putative hinge motion (Brouillette, Jones et al. 1984; Cheung, Segrest et al. 
1987; Calabresi, Meng et al. 1993). 
Only one study has addressed the quaternary structure of lipid bound apoA-I. Measured 
compétitions between N-terminal and C-terminal monoclonal antibodies were attributed to 
intermolecular protein contacts, and the hypothesis was advanced that the protein assembles 
preferentially N to C/N to C terminally (as opposed to N to N/C to C terminally)(Bergeron, 
Frank et al. 1995). A preferential assembly of the protein onto the edge of the discoidal 
rHDL would imply that interprotein contacts are more favorable for one orientation than the 
other. Distinguishing thèse orientations, effectively the quaternary structure of the protein, 
would be an important first step in investigating the rôle of thèse contacts in the function of 
the complex. If such contacts exist they may play a coopérative rôle in the particle. It has 
been proposed that intramolecular cooperativity is responsible for the high surface activity of 
exchangeable apolipoproteins (Krebs and Phillips 1983; Krebs and Phillips 1984). 
The tertiary structure of apoA-I has been the subject of a variety of proposed models 
(Nolte and Atkinson 1992; Sparks, Phillips et al. 1992; Calabresi, Meng et al. 1993; 
Bergeron, Frank et al. 1995; Brouillette and Anantharamaiah 1995). Typically, the séquence 
from residue 58 to 243 is taken to consist entirely of antiparallel oc-helices bound to the disk 
edge. Many models specify portions that are not edge bound, but no attempt has been made 
to détermine whether thèse portions are bound to the phospholipid head group surface ( the 
"top" of the disk) or extending into solution. Régions which vary from model to model are 
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the N-terminus (residues 1-9 or 1-37) and various extended loops (such as residues 60-79, 
209-220 or 209-243). 
LCAT is a 67,000 molecular weight glycoprotein found in human plasma, which plays a 
central rôle in the extracelleular metabolism of plasma lipoproteins. It has a 416 amino acid 
protein séquence, with a corresponding polypeptide molecular weight of 47,090. Its catalytic 
activity consists of both phospholipase and acyltransferase activity, and its activity is 
inhibited by modification of active Ser, His and Cys residues. A number of lipoproteins can 
serve as substrates for LCAT, including native lipoproteins, synthetic lipid vesicles, or rHDL. 
Discoidal HDL are much better substrates for LCAT than spherical HDL, and variations in 
apolipoprotein composition, apolipoprotein conformation, phospholipid structure, particle 
size and core lipid composition also affect LCAT reaction kinetics. The molecular 
mechanism by which apoA-I activâtes LCAT is unknown. It is known that activation is 
independent of the affinity of LCAT for its substrate (Bolin and Jonas 1994), and that LCAT 
is active against soluble substrates in the absence of apoA-I (Bonelli and Jonas 1989). It is 
possible lipid binding induces a conformational change, closing the active site (Jonas 1991). 
ApoA-I may serve to reverse this closure, reactivating the lipid bound enzyme. 
Alternatively, apoA-I may aid in substrate binding or in product release. 
The régions of apoA-I believed to be responsible for LCAT activation extend from 
roughly residues 96 to 121 and from 135 to 186 (Fig. 1) (Anantharamaiah, Venkatachalapathi 
et al. 1990; Banka, Bonnet et al. 1991; Meng, Calabresi et al. 1993; Uboldi, Spoladore et al. 
1996). A monoclonal antibody which binds residues 118-141 (antibody 5F6) did not inhibit 
LCAT (Meng, Calabresi et al. 1993). There are currently two primary models for the 
interaction of LCAT with rHDL. In one, LCAT binds to the surface formed by the 
phospholipid headgroups (Jonas 1991). In the other, the interaction is believed to involve 
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* Reproduced with permission from Baybut, T., J. Carlson, B. Godfrey, M. Shank, and S. 
Sligar (1999, in press)"Structure, Function and Manipulation of Biological Nanostructures" 
in Handbook of Nanostructured Materials and Nanotechnology, edited by Hari Singh Nalwa. 
Unpublished work © 1999 Académie Press. 
movement of some of the central hélices off the lipid interface and into aqueous solution via 
a hinge motion, allowing LCAT to access the acyl chains of the phospholipids directly via 
the disk edge (Fielding and Fielding 1995). This hinge motion has also been proposed for 
the crystallized lipoproteins apolipophorin III and the receptor binding domain of 
apolipoprotein E (Breiter, Kanost et al. 1991; Wilson, Wardell et al. 1991). 
5.2 Imaging Lipid Protein Surfaces by AFM* 
Meyer and coworkers used the scanning force microscope to obtain molecular resolution 
images of cadmium arachidate on amorphous silicon, revealing that, although the silicon is 
disordered, the forces regulating molecular self assembly of the film are sufficient to drive 
ordering (Meyer, Howald et al. 1991). Weisenhorn and coworkers obtained molecular 
resolution images of LB films of DMPE, DMPG, DODAB and 1:1 DODAB/DPPG on mica 
(Weisenhorn, Egger et al. 1991). They used the known lattice spacing of mica and data from 
x-ray crystallography to interpret the periodicity appearing in their images. Singh and 
coworkers used SFM to image vesicles of DPPC and DPPE in air (Singh and Keller 1991). 
Vesicles of DMPC were also imaged in aqueous solution, and the ability to résolve 
individual headgroups reported (Lal, Kim et al. 1993). 
The detailed structure of supported biological membranes has been investigated 
repeatedly. Zasadzinski and coworkers imaged the headgroups of DMPE bilayers on mica, 
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and were able to détermine the location of individual headgroups by visualizing the lipids 
lattice structure (Zasadzinski, Helm et al. 1991). Their results indicate that the DMPE 
molécules in the bilayer have good long range orientational order, but only short range 
positional order. Luo and coworkers used an SFM operating at -25 °C to image solid phase 
vesicles deposited on mica (Luo, Yorgancioglu et al. 1993), and found the samples more 
robust to repeated scanning at -25 °C than at room température. They also made initial 
attempts to use a simplified freeze fracture technique, but found that even at -25 °C, the tip 
appeared to become stuck to the icy sample. 
Garnaes and coworkers used SFM to assess the présence of domain boundaries in 
crystalline layers of cadmium arachidate (Garnaes, Schwartz et al. 1992). In multilayer 
films, a subtle buckling structure was observed for the first time. This buckling, which 
frequently had a characteristic wavelength of 2.3 ± 0.3 nm, was seen with two substrates, 
mica and amorphous silicon, indicating that it was an inhérent film characteristic. They 
proposed that the buckling is related to the ripple phases seen in phospholipid Systems, which 
is a resuit of différences in packing between headgroups and acyl chains. 
Li and coworkers investigated the fine domain structure of phase separated fatty acid LB 
films (Chi, Anders et al. 1993). Their images revealed fine structures too small to be seen 
with conventional farfield microscopy. Several unanticipated behaviors were also observed. 
After several hours, domains were found to change shape after déposition of the layer on the 
surface. Films with an added fluorescent dye had a différent domain structure, where various 
'star-like' domains were replaced with 'fiber-like' domains. 
Egger and coworkers used supported phospholipid bilayers of DMPG to obtain images 
of hydrated phospholipid headgroups (Egger, Ohnesorge et al. 1990). The measured mean 
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molecular area of 45 ± 19 Â 2 compares well with dimensions determined from the crystal 
structure, 44 A . They additionally imaged a synthetic hybrid molécule, consisting of a Fab'-
fragment of a monoclonal antibody linked to a phospholipid via a short spacer. This hybrid 
molécule was found to form stable, well defined monolayers. 
In gênerai, the SFM technique allows more than structural information to be obtained. It 
also allows the behavior of membrane films under various conditions to be examined. Mou 
and coworkers found that the commonly used buffer compound, 
tris(hydroxymethyl)aminomethane, induces a ripple phase (Mou, Yang et al. 1994). This 
ripple phase had been previously observed only in mulilamellar supported bilayers, but never 
in single bilayers, and it had never been induced by a chemical agent. Mou and coworkers 
also studied the interdigitation of phosphatidylcholines induced by alcohol (Mou, Yang et al. 
1994). The SFM was very sensitive to the appearance of interdigitated domains, with a value 
of 2.5 mole % being reported as the threshold for interdigitation. Czajkowsky and coworkers 
found that asymmetric supported bilayers, where the lower leaflet was a neutral and saturated 
phospholipid, and the upper leaflet was negatively charged and unsaturated, formed a ripple 
phase (Czajowsky, Huang et al. 1995). This behavior was contrary to expectations based on 
previous work, where neither of the phospholipids used were in a ripple phase at room 
température. This observed ripple phase required the présence of sodium and phosphate. 
The capability of the SFM to manipulate phospholipid bilayers was noted very early in 
the imaging of thèse films. For example, Radmacher and coworkers estimated a worst case 
value for the force required to introduce disorder into a crystalline Langmuir-Blodgett films 
of 0.3 nN (Radmacher, Zimmermann et al. 1992). Therefore the tip could be used to remove 
phospholipids from a supported bilayer revealing the surface beneath, a technique that has 
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become a standard method to measure film thickness (Radmacher, Zimmermann et al. 1992; 
Mou, Yang et al. 1994). 
Brandow and coworkers used SFM to manipulate self-assembled lipid tubules adsorbed 
onto mica (Brandow, Turner et al. 1993). The lipid tubules, composed of a diacetylene lipid, 
form a supported bilayer after adsorption. By scanning repeatedly across the bilayer and 
steadily increasing the applied force a damage threshold was found. By maintaining the 
force and continuing to scan, typically 2500 times, they could selectively slice the 
rectangular area into two régions. If the phospholipids were polymerized, repeated scanning 
at higher forces had no effect. If the slice was scanned in a perpendicular direction at a force 
below the damage threshold value, lipid was pushed back into the gap, closing it. This 
process also occured spontaneously over a longer time scale. 
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Figure 5.1 Transmission Eletron Micrographs of Discoidal High-Density Lipoproteins. 
Thèse two TEM micrographs show the rouleaux structure of discoidal HDL when imaged 
after négative staining. The corrugation on the rouleaux strand is approximately 4.5 nm. 
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Figure 5.2 Apolipoprotein A-I Primary Structure. The 243 amino acid séquence of apoA-I, 
showing the 20 1 lmer repeats, as well as séquence conservation and régions implicated in 
LCAT activation. 
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Figure 5.3 Belt Model of ApoA-I Structure. Extrapolation of the lipid free crystal structure 
has led to a model where the cc-helical long axes are oriented perpendicular to the 
phospholipid acyl chains. Reprinted with permission from (Borhani, Rogers et al. 1997). © 
1998 American Chemical Society. 
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Figure 5.4 Hélices Parallel to Acyl Chain Model. The predicted structure of ApoA-I based 
on data indicating that the oc-helical long axes are oriented parallel to the phospholipid acyl 
chains. Created with VMD and Raster3D, and reprinted with permissions from (Phillips, 
Wriggers et al. 1997) © The Biophysical Society. 
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CHAPTER 6. Imaging rHDL Under Physiological Conditions 
6.1 Overview* 
The atomic force microscope has shed new insight into the structure and behavior of 
discoidal rHDL in an interfacial setting. AFM has allowed direct confirmation of the current 
structural model and has revealed the interdisk fusion of high coverage rHDL. This is the 
first direct imaging of the dynamic nature of thèse particles and their interconversions. Many 
aspects of the technique of AFM have also been explored, especially with regard to its 
applicability to soft, easily deformed samples. Single rHDL on the mica surface have been 
found to be highly mobile, and can be pushed by the AFM tip. Addition of monoclonal 
antibodies to the fluid cell has allowed images of single rHDL with associated antibodies to 
be obtained, although the nonspecific binding of antibodies to the background substrate 
continues to be a problem. Particle analysis of high coverage samples has revealed the 
relationship between the solution structure as determined by gel electrophoresis and the 
dynamic surface populations. Covalent linkage of rHDL to a supported phospholipid bilayer 
has resulted in perturbation of the bilayer and the formation of defect patches. Thèse patches 
appear to have a depleted lipid région as well as adsorbed protein and lipid structures. Thèse 
patches are the first images revealing the structure of lipid bilayer associated rHDL directly. 
* Reproduced with permission from Carlson, J. W., A. Jonas, and S. G. Sligar. 1997. Imaging 
and Manipulation of High-Density Lipoproteins. Biophys. J. 73:1184-1189. © 1997 
Biophysical Society. 
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6.2 Single rHDL Structure 
While négative stain TEM of rHDL shows many stacked, rouleaux features, it is known 
from a variety of other methods that this does not represent the native, solution structure. 
Atomic force microscopy has addressed this issue by examining the structure of rHDL under 
physiological buffer conditions, revealing single rHDL molécules (Fig. 6.1 A). Images also 
reveal a greater heterogeneity than expected from characterization of the starting préparation, 
and so disk size was examined in order to understand the nature of the rHDL transformations. 
Measurement of particle height for each of the rHDL samples prepared (Fig. 6.2) 
resulted in a mean of 5.5 ± 0.4 nm (N=127), which matches well with the expected value for 
the van der Waals layer of a DPPC bilayer, 5.6 nm (Marra and Israelachvili 1985). While the 
AFM has high vertical resolution, horizontal size information is convoluted with the size of 
the tip. This is especially évident for small, isolated particles (Fig. 6.1 A, B). One method 
for overcoming this limitation is to calibrate the size of the tip using appropriately sized 
colloidal gold sphères (Xu and Arnsdorf 1994). Effective tip calibration, using this method, 
however, requires that the tip undergo no changes during subséquent imaging. Changes in 
image quality occur with a frequency that makes tip calibration very difficult, complicating 
the ability to quantitate the size of the individual rHDL particles. 
6.3 rHDL Coverage 
Surfaces for imaging rHDL could be prepared with a variety of coverage levels, 
providing further information about the structure of the surface and the adsorption of rHDL. 
The coverage of the mica surface depended on the concentration of rHDL in the déposition 
solution. Samples prepared with 0.5 ^ig/mL and 8.6 |Hg/mL were found to have low 
coverage, where single Lp3 rHDL complexes could be imaged, surrounded only by bare 
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mica (Fig. 6.1 A). Some rHDL appeared in groups, adsorbed next to each other on the mica 
(Fig. 6.1 A, arrow). Latéral force images showed trails which are due to the tip pushing the 
rHDL off the surface. Many rHDL appeared incomplète, apparently because they were 
knocked loose from the surface during scanning. 
A sample prepared at 8.6 ^ig/mL showed much higher coverage, with several large areas 
of clean mica observed in the image as well (Fig. 6.3 A). The rHDL adsorb to the mica and 
have similar height, indicating that they were not stacking in multilayered structures. The 
large rHDL présent in the image serve to demonstrate the degree of heterogeneity observed. 
The step from the mica surface to the top of the rHDL was found to be 5.3 nm by bearing 
analysis. 
Samples prepared at 43.0, 140, 273, and 702 \xg/mL ail showed high coverage, with no 
bare mica présent (Fig. 6.3 B). The surface was quite flat, broken only by the gap between 
each rHDL disk. No higher features were found, which is further indication of a lack of 
multilayer formation. Application of a higher force allowed the tip to dig through a high 
coverage sample to the mica, providing a thickness measurement of 5.5 nm by bearing 
analysis. 
The Lp2 and Lp4 rHDL could also be prepared to have either low or high coverage, with 
similar features to the Lp3 rHDL. High coverage samples of Lp2 rHDL were often very 
noisy and difficult to stably image, compared to Lp3 and Lp4. This may be because their 
smaller size results in a smaller surface with which to adsorb to the mica. 
6.4 Labeling rHDL with Monoclonal Antibodies 
An Lp2 sample prepared at 0.3 mg/mL revealed low coverage rHDL as expected (Fig. 
6.4A). A 7.5 mg/mL solution of mAb 119.8 (binding residues 119-144) was prepared in the 
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standard imaging buffer, and injected into the fluid cell. During injection and incubation the 
tip was approximately 40 |Lim above the surface. After approximately 2 minutes, surfaces 
were imaged again, revealing a variety of new features. The mica background with bound 
rHDL disks could still be distinguished, as well as a new component, believed to be the 
mAbs. This mAb binds a central région of apoA-I, and so is believed to be located on the 
edge. The images taken indicate the addition of a 4 nm object at the edge of some disks (Fig. 
6.4 B). Disks were found with two bound mAb as well (not shown). Deflection images 
clearly show an edge between the rHDL and the bound mAb (not shown), and the height of 4 
nm is consistent with a mAb lying on the mica surface. Larger scan size images also 
revealed to présence of nonspecifically bound antibodies, which complicates the 
interprétation of thèse images. 
6.5 Mobility of rHDL on Mica 
Images were taken revealing the mobility of the mica adsorbed rHDL and the influence 
of AFM imaging upon their position. The first image showed a number of individual rHDL 
adsorbed to the mica surface (Fig. 6.5 A). Upon reducing the scan size to allow higher 
resolution imaging of one of the rHDL particles the rHDL detached from the surface and was 
pushed by the AFM tip (Fig. 6.5 B). This was detected as an increase of the latéral deflection 
of the AFM cantilever as it scanned along the slow scan axis, shown as a dark line (Fig. 6.5 
C). The height image shows only a portion of the rHDL disk which is eut short as it détaches 
(Fig. 6.5 D). At the end of this frame the microscope scan area was increased, effectively 
zooming out. Ail the rHDL are in their original positions except for the particle which was 
pushed by the tip, which can now be seen at it's new position at the top of the enlarged scan 
area (Fig. 6.5 E). 
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6.6 Covalent Linkage of rHDL 
In order to both fix the rHDL to the surface for imaging and provide a background 
surface free from nonspecific antibody binding an attempt was made to covalently link rHDL 
to a supported phospholipid bilayer. This attempt utilized a cysteine-maleimide chemistry 
which has been employed previously with success to yield supported bilayers with covalently 
linked proteins. In thèse experiments, rHDL were prepared with a mutant form of proapoA-
I, D9C, which was generated through site directed mutagenesis and is the kind gift of Prof. 
Ana Jonas (Mcguire, Davidson et al. 1996). Supported phospholipid bilayers were prepared 
through the vesicle condensation method from a solution containing small unilamellar 
vesicles of 90:10 DPPC:MPB-TRIG-DSGE (Northern Lipids Inc, Vancouver, Canada). 
Incubation of the reduced D9C proapoA-I rHDL (where the aspartic acid at the 9 
position of the polypeptide chain has been replaced with a cysteine) with the supported 
bilayer followed by subséquent imaging revealed a number of unique defects in the 
supported bilayer (Fig. 6.6 A). Thèse defects differ from those typically seen in a supported 
bilayer in a number of ways. First, they appear to consist of a région of reduced bilayer 
thickness with adsorbed objects. The bilayer is reduced by 1.4 nm, indicating that thèse 
defects do not consist of removal of one bilayer sheet but instead a consistent with a removal 
of some of the supported bilayer lipid. The adsorbed objects are large, approximately 5 nm, 
and appear to consist of rHDL disks and other components. The adhesive nature of this 
patch can be especially seen in the high phase angle change detected in phase images (Fig. 
6.6 B). Thèse objects may be lipid aggregates where lipid has been removed from the 
bilayer. Thèse images would be consistent with amodel where rHDL, considered 
physiologically to be the lipid-poor form of rHDL, are interacting with the bilayer and 
60 
removing lipid. The observation of large domains in the bilayer is consistent with a 
coopérative mechanism for this process, where removal of lipid yields a région of the bilayer 
more easily bound by the rHDL. This is the first structural information obtained for the 
phospholipid interaction of rHDL. 
6.7 Spontaneous Fusion of High Coverage rHDL 
While the AFM will distort the horizontal distances associated with single objects, the 
AFM is quite capable of accurately measuring the 'periodicity' of a sample, since, while the 
tip cannot reproduce the shape of a small object correctly, it can reproduce the position of 
peaks and troughs. In the high coverage sample shown in Figure 6.3 B, while the tip may 
distort the shape of the objects, if the border, or trough, between two rHDL can be discerned, 
then the area occupied by those objects can be calculated with minimal convolution of tip 
size. As long as the border between the objects can be resolved changes in tip size will not 
matter. The area per particle measured in this manner will include both the particle's true area 
and any gaps between particles. 
High coverage samples were imaged at forces below 100 pN and analyzed to define an 
area per particle. Images were reproducible, indicating that ail rearrangement processes 
occurred spontaneously and do not appear to be a function of low force imaging. Histograms 
of area per particle for ail three rHDL préparations examined show a characteristic shape, 
resembling two distributed populations; one population which is narrow, centered at a 
smaller area per particle, and one population which is broad, centered at a larger area per 
particle (Fig 6.7 A-C). Goodness of fit was determined by calculating the sum of the 
residuals squared, and for a fit to one Gaussian versus two Gaussians thèse values were 656 
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versus 371 for Lp2, 2301 versus 1004 for Lp3, and 1115 versus 684 for Lp4. Fitting the 
observed distributions with two Gaussians yielded the size parameters reported in Table 6.1. 
The area per particle in Table 6.1 was examined to try to assess whether thèse were 
solution species présent in low concentrations, which stand out visibly in the images only 
because of their size, or were the results of disk fusion and division events on the mica 
surface. The histograms of area per particle in Figure 6.7 show two peaks, one narrow and 
one broad. We believe thèse peaks correspond to an initial, narrow population distribution, 
as observed in solution, and a second broad, population, which is due to interdisk 
rearrangement events. Note that thèse rearrangement events are not just fusion or division, 
but a mix of both, resulting in the broad population which spans areas above and below the 
initial population. 
It should be noted that the width of the distributions reported in Table 6.1 is not 
équivalent to the error of the measurements. Thèse widths correspond to a genuinely 
distributed population, convoluted with the error of the measurements. This error can be 
estimated by considering that the piezoelectric crystals used in AFM imaging have sub 
o 
Angstrom resolution, tip effects have been avoided by using high coverage samples, and the 
counting error associated with analysis of the images has been estimated to be less than 10 
nm 2 . Given this accuracy, it is then interesting to note that the area of the second population 
for Lp2 is centered at the same area as the first population for Lp3. Similarly, the second 
population peak for Lp3 is centered at the same area as the first population peak for Lp4. In 
solution thèse size distributions have been found to relate directly to the number of apoA-I 
molécules on the edges of the disk. Thèse results indicate that apoA-I is continuing to 
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stabilize certain sizes of rHDL over others, even on the surface. It appears that Lp2 is 
converting to Lp3, and Lp3 is converting to Lp4. 
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Figure 6.1 AFM Images of Single rHDL. (A) Low coverage rHDL. (Lp2 rHDL). (B) 
Larger image of two rHDL disks (Lp2 rHDL). Image size (A) (638 nm) 2 , (B) (280.5 nm) 2 . 
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Height (nm) 
Figure 6.2 Histogram of Height Measurements. This histogram shows the resuit of height 
measurements on individual rHDL. The mean value of 5.5 ± 0.4 nm is consistent with a 
phospholipid bilayer. 
Figure 6.3 AFM Images of Higher Coverage rHDL. (A) Intermediate coverage sample, 
showing a large area of bare mica (Lp3 rHDL). (B) High coverage sample (Lp3). Image 
size (A) (2.0 ^im)2, (B) (500 nm) 2 . 
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B 
Figure 6.4 Antibody Labeling rHDL. (A) A single rHDL disk without a bound antibody, (B) 
A single antibody attached rHDL disk. Image size (A) (91 nm) 2 , (B) (107 nm) 2 . 
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Figure 6.5 Mobility of Surface image of a number of individual 
rHDL, (B) Zoomed in scan of one of the rHDL, (C) Latéral force image showing the 
deflection of the cantilever as it pushes the rHDL, (D) Concurrent height image showing the 
disappearence of the rHDL as it is moved, (E) Zoomed out scan of the same group of rHDL 
showing the new position of the moved rHDL. Image size (A) (638 n m ) \ (B) (321 nm)' , (C) 
(321 nm) 2 , (D) (321 nm) 2 , (E) (638 nm) 2 . 
68 
A 
B 
Figure 6.6 rHDL Induced Bilayer Defects. Thèse images show on of many defects 
generated in a supported phospholipid bilayer upon covalent attachment of rHDL to the 
bilayer.. (A) Height image of the bilayer defect which shows both the reduced height of the 
supported bilayer and the adsorbed vesicle-apoA-I aggregates, (B) Phase image of the same 
defect demonstrating its adhesive nature. Image size (A) (2 | im) 2 , (B) (2 | im) 2 . 
Figure 6.7 Histograms of Area per Particle. The line corresponds to a fit to two distributed 
populations. (A) Lp2 rHDL (N=635), (B) Lp3 rHDL (N=953), (C) Lp4 rHDL (N=835). 
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Sample Expected Area Population 1 Population 2 
( n m 2 ) Area FWHM Area FWHM 
( n m 2 ) ( n m 2 ) ( n m 2 ) ( n m 2 ) 
Lp2 7 9 103 4 7 2 0 8 3 5 2 
Lp3 163 2 0 0 7 6 3 5 5 4 7 2 
Lp4 2 9 0 3 4 3 3 3 7 8 9 1 2 6 8 
Table 6.1 Area per Particle Histogram Fits. This table gives the numerical results of a fit to 
two distributed populations. 
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CHAPTER 7. Manipulation of rHDL by the Atomic Force Microscope 
7.1 Overview* 
The atomic force microscope has the ability to both obtain static images of surfaces as 
well as to manipulate surfaces through controlled application of the imaging tip. The surface 
generated through adsorption of rHDL to the mica surface is interesting as an interfacial 
structure for a number of reasons. Supported bilayers, as discussed previously, have been 
used various times to study biological interactions. Their self assembly into a controlled 
nanometer scale surface makes thèse supported bilayers a form of molecule-based material, 
where the materials bulk structure and properties are determined by the molécules involved 
in its assembly. 
Interest in molecule-based materials (MBMs) has expanded in récent years because of 
récent developments in their fabrication, control, and assembly. Self organizing materials 
based on the assembly of molecular components have been constructed from inorganic, 
organometallic, and bioorganic precursors (for a récent review, see (Alivisatos, Barbara et al. 
1998)). Bioorganic precursors, such as lipids (Sackmann 1996), proteins (Stayton, Olinger et 
al. 1992), and nucleic acids (Niemeyer 1997), as well as a number of organic precursors, 
such as triblock polymers (Stupp, Lebonheur et al. 1997), organothiols (Jeon, Finnie et al. 
1997), and organosilanes (Stayton, Olinger et al. 1992), self assemble into materials through 
* Reproduced in part with permission from Carlson, J. W., A. Jonas, and S. G. Sligar. 1997. 
Imaging and Manipulation of High-Density Lipoproteins. Biophys. J. 73:1184-1189. Portions 
are © 1997 Biophysical Society. 
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both covalent and noncovalent interactions, such as van der Waals contacts, hydrogen 
bonding, and n-n stacking. Assembly in the materials is typically driven by the hydrophobic 
effect, where the careful balancing of entropie solvent contributions and enthalpic bonding 
contributions ultimately drive organization of the material. 
Thin film structure can be controlled in a number of ways. Recently, the atomic force 
microscope has been used to carry out positive lithography of organothiols on gold through a 
water capillary between the tip and the sample (Piner, Zhu et al. 1999). Two types of 
lithography are often used, positive and négative, which dominate the control of organic thin 
films. In négative printing a self assembled monolayer or chemical thin film is removed, 
either by photochemistry, scanning probe microscopy, or an électron beam. Thin film 
removal reveals the underlying substrate for subséquent functionalization. In positive 
printing, such as microcontact printing of organothiols (Xia, Zhao et al. 1996), new material 
is added to the underlying layer in a spatially sélective manner, similar to a rubber stamp 
dipped in ink. The stamp delivers ink only to régions where contact is made. The printing 
process described here is neither a truly négative nor positive mode, but is rather an 
intermediary between the two. 
The nanometer size tip used by the AFM can generate an "image" with a variety of 
forces and scan speeds. By alternating between parameters optimized for imaging and those 
for manipulation, the tip can be used to both modify the surface and image the results. The 
imaging parameter set we use causes negligible modification to the rHDL surface while the 
manipulation parameter set can be chosen to cause significant and controlled modification of 
the bilayer. Thèse two parameter sets were used interchangeably to make and view the 
various reported structures. 
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7.2 Patterning and Digging High Coverage rHDL 
By increasing the force to 1 nN, increasing the scan speed to 7.5 |im/s, and reducing the 
gains, high coverage samples could be manipulated through digging to reveal two surfaces, 
one with a depth of 5.5 nm and one with a depth of 2.8 nm, as determined from bearing 
analysis (Fig. 7.1 A). In images with discrète steps bearing analysis allows more accurate 
step sizes than a cross section.. Thèse two surfaces are attributed to the mica and the 
hydrophobic face of the lower bilayer sheet, respectively. As mentioned previously, the 
hydrophobic lower leaflet of a supported bilayer cannot be exposed to aqueous solution, so 
the imaged structure is probably stabilized by the adsorption of some small hydrophobic 
molécules which are not well resolved during imaging, possibly by apolipoprotein A-I. 
Some surfaces, when manipulated in this way, did not resuit in digging, but instead the 
formation of patterned, nanometer scale, lipid domains (Fig 7.1 B). It is not clear what 
parameters dictated whether patterning or digging would resuit, and it did not appear to be a 
function of applied force, gain or scan speed. There did seem to be a corrélation between 
patterning and length of time spent imaging, which probably reflects adsorption of lipids to 
the tip and subséquent desorption during digging, resulting in a restored, patterned bilayer. 
7.3 AFM Induced Lipid Exchange 
AFM manipulation of a DPPC rHDL supported bilayer in the absence of small 
unilamellar vesicles in the solution phase results in the fusion of rHDL to form controlled 
nanometer scale bilayer domains (Fig. 7.2A). Manipulation under thèse conditions also 
results in damage to one leaflet of the bilayer, as described previously. When the DPPC 
rHDL bilayer is manipulated in the présence of small unilamellar vesicles of ditridecanoyl 
phosphatidylcholine (DTPC, T m = 14 °C) an entirely différent behavior is observed (Fig. 
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7.2B). This new structure resembles the smooth domain of DPPC created in the absence of 
vesicles but its height is reduced by 0.9 nm. While réduction in height can be associated with 
the removal of lipid alone, the measured height différence of 0.9 nm (Fig. 7.3), and the new 
domains smooth morphology, is not consistent with simple removal of a bilayer leaflet. 
Instead, this structure appears to be formed through the addition of DTPC, where the AFM 
tip has directed the addition of DTPC into the manipulated région. 
Comparing the two images leads to several important conclusions. First, the AFM is not 
simply removing one bilayer leaflet, to which vesicles of DTPC are subsequently binding and 
unfolding. The image in the absence of vesicles shows no indication of complète removal of 
the top leaflet. Indeed, a great deal of DPPC remains on the surface. The DPPC régions can 
be readily seen, as well as a number of adsorbed vesicles, but no incorporation of DTPC has 
occurred. The transient passage of the AFM tip through a portion of bilayer in the présence 
of vesicles allows the incorporation of DTPC. 
The présence of apolipoprotein A-I is one of the unique features of this supported bilayer 
System over those typically used. Apo A-I plays a central rôle in the patterning process by 
dividing the surface into individual subdomains. Attempts to pattern in the absence of 
apolipoprotein A-I resulted in the addition of exogenous lipid but with reduced spatial 
control (Fig. 7.5). Instead of addition only to the area that was manipulated, lipid was found 
in a much larger area. It is also possible that the new lipid is diffusing to the distant régions 
after addition at the site of tip manipulation, but it is unclear why this diffusion would stop 
once the images are obtained. Indeed, diffusion would be expected to continue, dispersing 
the new lipid further and further from the site of manipulation. ApoA-I may therefore be 
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acting to uncouple various portions of the bilayer from each other. This allows one région to 
be modified while other régions remain unperturbed. 
The insertion of exogenous lipid was examined with two other lipids, dimyristoyl 
phospatidylcholine (DMPC, T m =23°C) and diarachidonoyl phosphatidylcholine (DAPC, T m 
= -70 °C), in order to examine the rôle of donor lipid fluidity. When small unilamellar 
vesicles of DMPC were incubated in the présence of a DPPC rHDL supported bilayer no 
spontaneous transfer was detected. After AFM manipulation, the results were very différent 
from that of DTPC. The manipulated région contained a square of decreased height and 
increased roughness, bordered on the two edges perpendicular to the microscope's fast scan 
axis by very large lipid aggregates (Fig. 7.6). The aggregates are probably mixtures of 
DMPC, DPPC and apoA-I. Thèse aggregates, with heights of approximately 170 nm, are 
much larger than any of the vesicles seen adsorbed to the DTPC surface after manipulation 
(Fig. 7.6), and are probably fused DMPC vesicles, where the fusion is being driven by 
mechanical manipulation with the AFM tip. 
When donor vesicles of DAPC were incubated with a DPPC rHDL supported bilayer in 
the absence of patterning, substantial changes were seen in the surface morphology (Fig. 
7.7). This behavior is completely différent than that seen with DMPC and DTPC. Many 
régions of reduced height, consistent with DAPC transfer in the absence of AFM 
manipulation, are observed. The surface is much more sensitive to AFM imaging, with 
significant fusion events occurring even under low force imaging conditions (data not 
shown). This sensitivity probably reflects the increased fluidity and highly dynamic nature 
of DAPC relative to DTPC. 
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When the AFM is used to manipulate the DPPC rHDL supported bilayer in the présence 
of DAPC small unilamellar vesicles, the manipulated région rapidly becomes homogeneous 
(Fig 7.7). The resulting pattern extends across the entire manipulated area and does not 
possess the trench région seen with DTPC (Fig. 7.2B). The lack of a trench région has also 
been seen occasionally, but not controllably, with manipulation in the présence of DTPC 
vesicles. In addition, the région outside the manipulated area was also modified. The DAPC 
pattern extends beyond the area manipulated by the tip, and this extended area contains a 
région of increased height. This région is equal in height to the unmodified DPPC rHDL in 
the image's periphery, and corresponds to a domain of DPPC. The height différence between 
the DPPC and DAPC régions is observed to be 1.9 nm. This DPPC is not contained in disks, 
indicating that DPPC does not appear to be miscible with DAPC under thèse conditions. 
Thèse experiments reveal a number of détails about the composition of the supported 
bilayer after AFM induced lipid exchange. From the large différence in transition 
température, we expect the miscibility of DAPC in DPPC to be very low, based upon studies 
on lipids of similar structure (20). This allows straightforward identification of the 
composition of various height patches seen in the AFM images. In the manipulated région 
only DAPC is observed, although the manipulated DAPC domain is contiguous with 
additional DAPC area that does contain a DPPC domain. This indicates that AFM induced 
lipid exchange is a highly efficient process, especially when the donor lipid is highly fluid. 
Measurements of apoA-I exchange have indicated that once lipid-bound it undergoes 
exchange between lipid pools very slowly, over the course of hours (21). It is therefore 
likely that apoA-I remains with the removed DPPC and is absent from the AFM manipulated 
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7.4 Mechanism of AFM Manipulation 
There are two mechanisms through which the tip can induce lipid exchange, both of 
which may occur to some degree. Lipid may move directly from vesicles to the transiently 
disrupted rHDL bilayer. Alternatively, DTPC may adsorb from solution onto the tip, and 
from there incorporate into the bilayer. This latter model would be consistent with previous 
images of complète DPPC patterns, where the solution phase is empty and the likely source 
of exogenous lipid is the AFM tip. 
In order to test thèse two possible mechanisms a tip was incubated in a solution 
containing small unilamellar vesicles of DTPC. The tip was then used immediately to 
pattern an rHDL surface which was never exposed directly to the vesicles. This experiment 
resulted in the image shown in Figure 7.4. This image indicates that lipid adsorbed to the tip 
can be transferred into the high coverage rHDL surface, possibly implicating the tip as the 
primary vehicle for exogenous lipid to enter the rHDL surface. 
The dependence of patterning on the parameters used for manipulation also shed light on 
the machanism of patterning. Induced lipid exchange was found to be very independent of 
scan speed. Tip speed was varied from 0.5 jLim/s to 30.5 / xm / s using a DPPC rHDL supported 
bilayer in the présence of DTPC SUVs with no effect on pattern formation. Varying the scan 
speed will vary the latéral force applied during manipulation and hence the degree of 
disruption induced in the bilayer. In contrast, varying the loading force applied during AFM 
manipulation had a dramatic effect. At 1.9 nN or less, no altération of the DPPC rHDL 
supported bilayer was detected. Increasing the force to 3.8 nN resulted in significant 
disruption of the bilayer with no pattern formation. Small patterned domains appeared until a 
loading force of 9.4 nN, when the complète pattern is generated. Forces up to 48.2 nN were 
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tested with no further change in behavior observed. Varying the loading force applied during 
manipulation allows changes in the pénétration depth of the tip into the DPPC rHDL 
supported bilayer, thus altering the ease of pattern formation. Thèse results support the rôle 
of the tip as the central source of lipid for pattern formation. 
Thèse results are consistent with the following model for AFM directed insertion. As 
the AFM tip passes through the DPPC rHDL supported bilayer it may disrupt the rHDL in a 
number of ways including disruption of lipid packing, disruption apoA-I binding and the 
forcing of lipid into solution. Thèse various changes resuit in a highly defective rHDL 
bilayer with a number of hydrophobic patches exposed. Hydrophobic surfaces have been 
previously shown to be fusogenic to vesicles in solution (7). After only one sweep, a large 
amount of transfer can occur (Fig 7.8A) indicating the vesicles must both deposit new lipid 
and remove old lipid from the disrupted surface rapidly. This precludes transfer simply 
through solution phase, which occurs with very low efficiency, and instead implicates vesicle 
fusion, either directly with the surface or with the tip, as the primary mechanism. Desorption 
of any excess lipid then occurs spontaneously, as indicated by the smooth homogeneity of the 
manipulated région (Fig. 7.2B). 
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A 
B 
Figure 7.1 Manipulation of High Coverage rHDL Surfaces. (A) Example of patterning a 
high coverage surface (Lp3). The rectangle in the center was made by controlled tip motion. 
(B) Example of digging into a high coverage sample (Lp3). (C) Bearing analysis of image in 
(B) demonstrating removal of one leaflet. Image size (A) (500 nm) 2 , (B) (400 nm) 2 . 
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Figure 7.2 Patterning rHDL Supported Bilayers. (A) In the absence of solution small 
unilamellar vesicles manipulation results in both fusion of individual rHDL to form DPPC 
domains and occasional removal of lipid, either as a single leaflet or both leaflets. (B) In the 
présence of DTPC vesicles a new domain is formed, which contains DTPC may be a mix of 
DTPC and DPPC, as well as apoA-I. Image size (A) (2.0 | im) 2 , (B) (2.0 |Lim)2. 
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0 2 4 
Height (nm) 
Figure 7.3 Histogram Illustrating Directed Phospholipid Exchange. This histogram of height 
demonstrates the two lipid populations side by side. The histogram peaks are separated by 
0.9 nm. (Inset) Image of patterned DTPC domain. Histogram data are derived from boxed 
région. 
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Figure 7.4 Patterning with Tip Deposited Lipid. An AFM tip was incubated in a solution 
then used to create the patterns depicted. (A) Single line scan resulted in a pattern linewidth 
of 20 nm. (B) Patterning a larger area indicated that the available lipid from the tip was 
depleted rapidly. Image size (A) (540 nm) 2 , (B) (2.0 um) 2 . 
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Figure 7.5 Patterning in the Absence of Apolipoprotein A-I. A supported bilayer of DPPC 
was formed using vesicle condensation and patterned in the présence of DTPC vesicles in 
solution. (A) Before manipulation. (B), (C), (D) Sequential images of the manipulated 
région showed the slow phase séparation of the introduced lipid. The manipulated région is 
indicated with a white rectangle. (B) t= 0:00 (min:sec), (C) t= 8:54, (C) t= 13:07. Image size 
(A), (B) (1 |xm)2., (C), (D)(1.5 [im)2. 
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Figure 7.6 Lipid Exchange with DMPC. (A) Attempting to pattern with DMPC SUVs in 
solution resulted in a build up of tall lipid aggregates at either end of the fast scan sweeps and 
the digging of a square similar to the trench région seen in DTPC patterning. The height 
scale of this image has been set to illustrate the manipulated région, resulting in aggregates 
which extend above the color scale's range. The aggregates are approximately 170 nm tall. 
Unlike other images in this work, the fast scan axis for manipulation was up and down while 
for imaging it was left to right. (B) Simultaneously obtained deflection data showing the 
topography of the surface more clearly. Image size (A), (B) (2 [im) . 
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Figure 7.7 Lipid Exchange with DAPC. (A) Image of the DPPC rHDL supported bilayer in 
the présence of DAPC imaged under low force conditions, showing the adsorption of 
significant amounts of DAPC prior to AFM manipulation. (B) Image of a DAPC pattern, 
which occurs almost immediately and with no trench formation at the edges. The white 
rectangle indicates the région manipulated with the AFM tip. Image size (A), (B) (2 | im) 2 . 
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Figure 7.8 Sequential Images of Patterning. rHDL surface incubated with DTPC SUVs was 
first imaged to verify the high coverage rHDL structure, then patterned using high force(22.5 
nN), high scan speed (30.5 Hz), and low feedback gains (Intégral Gain = Proportional Gain = 
0.05). Completion of one slow scan pass of the tip over the manipulated square 
corresponded to one sweep. The microscope parameters were then returned to imaging 
values in order to assess the resulting surface structure. Each pattern was made in a différent 
région. (A) 1 sweep. (B) 2 sweeps. (C) 3 sweeps. (D) 4 sweeps. (E) 8 sweeps. Image size 
( A ) - ( E ) ( 1 . 5 iim)2. 
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Applied Force (nN) Resuit 
0.2 No disruption 
1.9 No disruption 
3.8 Disruption, partial patterning 
5.6 Disruption, partial patterning 
7.5 Patterning 
9.4 Patterning 
11.3 Patterning 
48.2 Patterning 
Table 7.1 Relationship Between Patterning and Force. Patterning was found to be sensitive 
to the force used during manipulation, but was insensitive to the scan rate used, as discussed 
in the text. 
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CHAPTER 8. Summary and Future Perspectives 
8.1 Summary 
This work has explored the interfacial characteristics of myoglobin, peptide modified 
colloidal gold, and reconstituted high-density lipoproteins. Each of thèse Systems ahs a 
différent utility for uncovering the nanometer scale structure and behavior of surface 
Systems. A single surface cysteine mutant of myoglobin, when reconstituted with a 
fluorescent heme analog, provides an idéal System for studying the impact of protein 
environment when covalently attached. This environment was found to be différent from 
that determined from solution measurements, and was différent depending on the orientation 
o the protein on the surface. The dependence of the absorption linear dichroism versus 
incident light angle was examined to explore more complex models of the proteins 
orientation on the surface. Intead of a single, discrète, orientation angle a range of angles 
were used in te calculations. Thèse calculations revealed that the greater the distribution of 
orientation angles, the closer the resulting dihroism will be to that detected for a random 
distribution. Furthermore, a given linear dichroism cannot be used alone to solve for the 
protein orientation. This nécessitâtes the use of other techniques to détermine surface 
roughness, which can then be used as a starting point for examination of the protein 
orentation. 
Peptide modified colloidal gold were used with atomic force microscopy as a new form 
of imaging standard. The peptide used allowed the gold particle to be imaged in aqueous 
solution simultaneously with a biological sample. This is essential for biological imaging, 
where tip contamination can alter the tips shape from image to image. Binding of the 
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modified gold particles to mica required the présence of Zn(II) as expected. The tip was 
deconvoluted using a mathematical morphology algorithm to détermine the amount of tip 
shape added to each image. Thèse gold particles were then used to image DNA and 
simultaneously détermine the tips shape while imaging. 
Reconstituted high-density lipoproteins were imaged on the mica surface as well and 
were used for two purposes. The structural model generated by other methods was compared 
with that observed under physiological conditions. This model, where a supported 
phospholipid bilayer is stabilized at its periphery by apolipoproteinA-I, was found to be 
valid. In high coverage samples the rHDL were found to undergo interparticle fusion which, 
when quantitated, revealed that smaller disks were fusing to form larger disks also found in 
solution. Because disk size is intimately related to apolipoproteinA-I structure, thèse 
observations were taken as évidence that the protein continues to play a rôle instabilizing 
thèse différent particles, even on the surface. When attached to a supported bilayer the disks 
rapidly decomposed and lipid was removed from the surface. This is the first direct 
structural observation of the interaction of rHDL with a bilayer System. The binding of 
monoclonal antibodies to the rHDL is a very promising observation, but work is needed to 
prevent nonspecific binding of the antibodies to the surface. 
High coverage rHDL were found to have a number of interesting properties as a 
moleculaer based material. Their discrète natue and nanometer scale makes them interesting 
for the control of supported phospholipid bilayers. Their ability to fuse was used by the 
AFM tip to form controlled phospholipid bilayer domains. This manipulation was used to 
add new lipid to the patterns as well. This new lipid could be added in a highly sélective 
manner, with line widths of 20 nm. Addition of lipid was possible even when only the tip 
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was exposed to lipid but none was présent in solution, indicating that the tip may serve as the 
site for primary lipid exchange. Lipid transfer was found to dépend primarily on the force 
used to pattern but not on the scan speed. This may furhter support the idea of the tip as the 
primary transfer vehicle, where the tip's depth of pénétration into the bilayer is important (as 
demonstarted by the force used) but the degree of bilayer disruption around the tip is not 
(high scan speeds lead to higher latéral forces and hence greater disruption). Lipids of 
varying fluidity indicate that proper patterning relies on a balance of fluidity, where the lipid 
must be fluid enough to enter the pattern but not so fluid that it will adsorb and interact with 
the surface in the absence of AFM manipulation. 
8.2 Future Perspectives 
There are several possible avenues for gaining further insight into the struture and 
function of rHDL and apoA-I. Site-specific biotinylation of the apo AT protein is would 
allow spécifie parts of the protein in the disk to be readily located. Through an on-going 
collaboration with Professor Ana Jonas in the Department of Biochemistry here at the 
University of Illinois Urbana-Champaign, several recombinant mutant forms of apo A-I will 
soon be available which could be labelled in this manner. 
The interaction of apo A-I protein with a lipid bilayer is important in the early stages of 
sécrétion of the protein and its initial incorporation into prebeta-1 HDL particles. As was 
mentioned previously, it has been proposed that apo A-I in solution or in lipid-poor particles 
may fold into a conformation that has a favorable interaction with cholestérol in membranes. 
Surface plasmon résonance experiments should provide data on the kinetics and equilibrium 
constants of the interaction between apo A-I in solution and surface-immobilized bilayer 
membranes of various compositions. Coupled with the SFM experiments, we will be able to 
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provide data on whether or not the apo A-I protein inserts into the membrane from solution 
or if it merely remains on the surface of an existing bilayer 
Currently there are two primary limitations in the application of atomic force 
microscopy to rHDL. First, the disks are relatively mobile on the mica surface. Second, the 
protein is soft, preventing it from generating sufficient deflection of the microscope's 
cantilever for précise détection. We propose several methods to overcome thèse limitations, 
which should yield higher resolution images of discoidal rHDL. 
Genetic engineering of apoA-I has yielded a fusion construct with a polyhistidine tail. 
This work has been carried out in the laboratory of Dr. Ana Jonas (University of Illinois at 
Urbana-Champaign). Their laboratory has found that the polyHis mutant of apoA-I is still 
capable of forming rHDL disks with a slightly larger size (personal communication). Thèse 
disks should be capable of binding métal ions tightly, which should en able them to bind to a 
mica surface much more tightly, enabling higher resolution imaging and solving the problem 
of rHDL mobility. 
Disks have been immobilized in électron microscopy for a number of years by using 
heavy métal ions to produce rouleaux (Forte et al., 1971). Thèse rouleaux have the 
advantage of presenting the disk edge for imaging, where high resolution data would be 
especially helpful in clearing up the two models for apoA-I's lipid bound structure (Borhani 
et al., 1997; Phillips et al., 1997). Rouleaux would also solve both the problem of disk 
immobilization and stabilization of the protein structure. 
Récent work with freeze fracture STM has indicated that this technique may be 
particularly amenable to elucidating lipoprotein structure (Woodward and Zasadzinski, 
1997). Cryoelectron microscopy can be an extremely difficult technique because of the low 
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électron density and hence the low signal obtained from biological samples. Scanning 
tunneling microscopy of métal shadowed phospholipid samples does not suffer from that 
difficulty, inteading faithfully reproducing the topography of the métal shadowed surface at 
high resolution, even revealing the structure of individual lipid head groups (Woodward et 
al., 1997). 
Chemical fixation of rHDL should help to stiffen the protein to atomic force imaging, 
allowing its high resolution imaging. Chemical fixation with nonspecific fixatives, such as 
glutaraldehyde, has been used for many years to aid in électron microscopy, with good 
results. Application of a fixative of this kind to rHDL will stabilize the protein to atomic 
force imaging, allowing higher resolution images to be obtained. 
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